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ABSTRACT
Eight asphalt samples with grades ranging from 10 to 30 from four 
different sources were examined using NMR, FTIR, differential scanning 
calorimetry (DSC), dynamic mechanical analysis (DMA) and constant stress 
rheometry (CSR). The crystallization process of asphalt is very time 
dependent. Slow heating or annealing before analysis in order to 
experimentally realize a close-to-equilibrium state is necessary in order to 
study the system with more thermodynamic rigor. The DSC method developed 
in this research shows a possible application in asphalt identification with 
respect to crude and manufacture source. Dynamic mechanic analysis shows 
in asphalts only those segments primarily composed of linear aliphatic units 
contribute to the glass transition process. Note that at 50 Hz all asphalt 
samples cracked at temperature above their Tg at the same frequency, which 
implies that Tg can be considered the limit of brittle temperature of asphalt 
when the loading frequency and the frequency under which the Tg is measured 
are the same. The eight asphalt samples shows characteristics of 
pseudoplastic substance at temperature lower than 100 °C. Activation energy 
analysis of the viscous state of the asphalts reveals that a three dimensional 
network that extends throughout asphalt may exist via molecular interactions.
Maleic anhydride grafted polyethylenes were synthesized through both 
solution and melt reactions in the presence of free radical initiators and 
characterized with FTIR, NMR and DSC. Copolymers of maleic anhydride and 
aliphatic alpha olefins with carbon atom numbers from eight to eighteen were 
prepared and characterized. Among the alpha olefins used in this research, 
the olefin having more carbon atoms will have higher ratio in the copolymer 
composition when the feeding ratio is higher than two (olefin : maleic
xv
anhydride). The copolymers probably have an alternating or close to 
alternating structure.
The chlorinated polyethylene and maleated polyethylene prepared in this 
lab and used in present study prove to be better asphalt modifiers than 
polyethylene, since most of them can show better results in increasing strength 
and elasticity at higher temperatures or lower frequencies, and are less 
temperature or frequency sensitive. Chlorinated polyethylenes containing less 
than 15 wt% chlorine interact more extensively with an asphalt matrix than that 
of polyethylene. The maleated polyethylene is more compatible with asphalt 
through chemical bonding and dramatically increased creep recovery capability 
of the asphalt. Low molecular weight copolymers of maleic anhydride and 
aliphatic alpha olefins can reduce crystallinity of the asphalt quite significantly. 
Chemical bonding of the copolymer additives to the asphalt molecules through 
the anhydride group is a favorite factor in reducing the crystallinity of the 
asphalt.
xv i
CHAPTER 1 GENERAL INTRODUCTION 
The primary raw material for the chemical industry, crude petroleum, is 
a product formed primarily from diverse plant life in a process requiring 
millions of years under varied conditions of temperature and pressure. The 
resultant crudes vary widely in the amount and nature of the hydrocarbons 
they contain, the content and reactivity of polycyclics and heterocyclics, and 
the complexed transition metals. These variables are further concentrated in 
asphalt, the residue left after distillation of the more volatile fractions of the 
petroleum. Thus, asphalts vary significantly from crude to crude, both in their 
physical characteristics and in the volume percentages of their chemical 
components. Molecular structures of asphalt components are highly diverse, 
but three basic classes of compounds are generally recognized to coexist in 
asphalt [1], They are, straight or branched aliphatic chains, simple and 
complex polycyclic rings, and heteroaromatic systems. Heteroatoms, mainly 
nitrogen, sulfur and oxygen form the primary functional groups in asphalts. In 
the most generally accepted concept of asphalt composition, asphalts are 
considered to be made up of asphaltenes and maltenes, also called 
petrolenes. Asphaltenes comprise the fraction that is the most complex and 
that generally contains mixed paraffin-naphthene-aromatics in polycyclic 
structures, as well as, complex heterocyclic compounds. Maltenes contain 
pentane soluble hydrocarbons and asphaltene dispersing agents (resins). 
Durable asphalts are comprised of these components interacting to form a 
balanced, compatible system. The asphaltenes are suspended in the oils by 
the resins, making asphalt analogous to a colloidal system. An extensive 
study on the chemistry and physical properties of asphalts has just been 
completed under the auspices of the Strategic Highway Research Program
1
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(SHRP) and new performance based specifications based upon dynamic 
testing techniques before and after controlled aging have been proposed [2],
Asphalt (AC) has been the least expensive, most versatile material 
available for most applications in highway construction [3], Taxpayers in this 
country spend 10 billion dollars on asphalt pavement each year, but do not get 
good value for the money. The intrinsic properties of asphalt limit its utility. At 
low temperatures, asphalt can be very brittle so it is subject to fracture- 
cracking and potholing in winter. As it becomes warmer, it becomes so shear 
sensitive that it is prone to shove and rut. Polymer additives could achieve 
the desired property of flexibility at low temperatures and rigidity under 
summer's heat. In fact, the use of asphalt polymer blends has progressed 
from the experimental stage to major road bed construction phase, and 
evidence for long term improvement of physico-mechanical properties of 
asphalt cement is accumulating.
Polymer additives are not new to asphalt researchers. Since the advent 
of asphalt paving biocks in 1824, efforts to improve the properties of asphalt 
surfacing materials have centered on polymeric additives. In the 1840's 
patents describing the modification of bitumen with gutta percha or natural 
rubber appeared and as each new polymer was developed, its potential 
interaction with asphalt was evaluated. In Europe, during the past two 
decades extensive practical research incorporating several potential polymers 
into asphalt cements provided preliminary field evaluations. Since the addition 
of polymers increases the cost of the corresponding polymer modified asphalt 
cement, the new material must increase the durability of the mixture and meet 
all climatic requirements without compromise. Indeed, addition of appropriate 
polymers to asphalt increases fatigue cracking resistance, reduces the extent
3
of permanent deformation, improves thermal cracking resistance, lessens 
moisture sensitivity and reduces age hardening. The polymer-asphalt 
cements provide better, longer lasting highways. In fact, polymers in Europe 
have become a permanent part of roadway construction program [4],
The US paving industry has recently become more interested in 
polymer modified asphalt cement. Colorado, for example, has already written 
polymers into its specifications—all new asphalt surfaces must be constructed 
with asphalt/polymer blends. There are at least thirty-nine states including 
Louisiana that mandate incorporation of polymers in surfaces subjected to 
either heavy traffic or temperature extremes [5,6], Polymers typically 
employed in PMAC's include natural rubber or styrene-butadiene latexes, 
thermoplastic rubbers, polyolefins, and ethylene copolymers. It has been 
demonstrated that polymers, such as styrene-butadiene rubber (SBR) [7-16], 
styrene-butadiene-styrene block copolymers (SBS) [17-19], polyethylene (PE) 
[20-27], polypropylene (PP) [28, 29], and ethylene-vinylacetate copolymer 
(PEVA) [30-33] exhibit high flexibility and toughness within a wide temperature 
range. Low concentration of these polymers may be blended with asphalt 
economically with adequate compatibility to allow considerable improvement 
to asphalt concretes [34-36], Thermoplastics have attracted more and more 
attention since this type of polymer combines the advantages of rubber and 
plastics and shows potential to modify asphalts over their whole service 
conditions.
Although there are a large number of patents concerning polymer 
modified asphalts, understanding the system is still a major and urgent task. 
The task has two primary aspects; one, to understand physically and 
chemically the mechanics of reinforcement, compatibility and stability, and
4
second, to develop new techniques to characterize asphalt-polymer blends, 
which can be correlated with their performance in the field.
Polyethylene (PE) is a potentially useful modifier for increasing the low 
temperature fracture toughness of asphalt concrete [20], Also, it may confer 
additional pavement stability at elevated temperatures, which would minimize 
rutting and distortion due to creep. Further, if price and availability of various 
polymers that have been proposed for asphalt modification are considered, it 
is obvious that polyethylene stands out, being more economical than other 
polymeric candia^tes and being abundantly available, both as virgin material 
and as recycled waste. However, it was also found that asphalt-polyethylene 
mixtures have a tendency toward gross phase separation, i.e., gross 
incompatibility, when standing at elevated temperature for long periods [37, 
38], Therefore, modification of PE is needed to enhance its compatibility with 
asphalt. In patents by Pitchford et. al. [39] and Fogg et. al. [40], partially 
chlorinated polyolefin waxes were used to improve stability of asphalt-polymer 
blends. Chlorination of PE is a simple technique to change the polarity of 
selected polymer segments and reduce the crystallinity of the polymer. Thus, 
a low degree of chlorination may assure a favorable interaction with certain 
polar components of asphalt.
One of the purposes of our work is to study and to understand 
significant factors controlling compatibility between asphalt and synthetic 
polymers. Asphalt-polymer blends with considerably improved physico- 
mechanical properties, especially higher rutting resistance, which is very 
important to roads in Louisiana, are expected to be developed. In the present 
study, a series of chlorinated polyethylenes with different chlorine contents 
and distributions were synthesized and were mixed with asphalt.
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Characterization of the AC-polymer blends is also an important part of our 
work. Although there are some traditional methods available to determine 
physicomechnical properties of asphalt, it has been realized that they are not 
sufficient to draw a complete picture of the modified materials. Miscibility and 
dynamic physicomechnical properties appear more closely related to actual 
field situations. Therefore, in the present research, differential scanning 
calorimetry (DSC), epifluorescence microscopy, dynamic mechanic 
spectrometry (DMS), constant force rheometer(CS) and thermomechanical 
analysis (TMA) techniques have been employed in conjunction with FTIR and 
solution-state NMR to characterize asphalts and polymer modified asphalts. 
We hope to identify the significant factors controlling compatibility between 
asphalt and synthetic polymers. We anticipate that these techniques will 
provide more information from smaller sample sizes and that the techniques 
will become part of routine, reproducible analysis procedures for asphalts and 
asphalt blends.
Asphalt is a very complex mixture; even within a given grade the 
composition may vary significantly depending upon both the source of the 
crude and the refining process. Although tremendous efforts have been 
devoted to characterize asphalt, the microstructure of asphalt remains to be 
defined. In particular a routine technique which quantifies the components 
controlling the long term behavior of an asphalt cement is required. In our 
laboratory, eight asphalt samples with grades ranging from AC 10 to 30 from 
four different sources were examined. The numerical values for each grade 
indicate the viscosities in poise divided by one hundred at 60°C (140°F). The 
molecular structure of the asphalts was characterized quantitatively using 
solution-state NMR and FTIR techniques. Differential scanning calorimetry
6
(DSC) was employed to estimate the crystallinity, and Theological properties of 
the asphalts were studied by dynamic mechanical analysis (DMA). Our goal 
is to achieve an understanding the relaxation mechanisms of asphalt under 
load at the molecular level. The results of our studies are presented in 
chapter two as well as a corresponding conclusion on the microstructure of 
the asphalts.
CHAPTER 2 STUDY OF MICROSTRUCTURE OF ASPHALT
2.1 Introduction
Despite its broad use throughout the world for a variety of purposes, 
asphalt is not very well characterized with regard to its chemical constituents 
and microstructures. Asphalts are very complex mixtures of organic 
compounds, inorganic compounds and complexes thereof; for each type of 
organic functionality, there are several variations in the substituents. Even 
within a given grade the composition may vary significantly depending upon 
both the source of the crude and the refining process. Tremendous efforts 
employing various of techniques and instrumentation have been devoted to 
characterize asphalts for their chemical structures, thermal behavior, and 
rheological and mechanical properties. The investigations have established 
that asphalt is composed of relatively low molecular weight (< 5,000 daltons) 
components with very diverse structures. Although each individual asphalt will 








Since asphalt is an extremely complex material, attempts to better 
understand its structure and to relate this to physical properties have often 
involved various fractionation procedures. Chromatographic techniques were 
used to separate asphalt into individual components. Column 
chromatography, the first widely used method [41], separates asphalts into 
fractions by precipitating asphaltenes with pentane or heptane and then by 
eluting the soluble material on an alumina column with solvents of increasing 
polarity. High performance gel permeation chromatography (HPGPC) and ion 
exchange chromatography (IEC) have been used to characterize asphalt 
cements and to probe their abilities to self-assemble [42-45]. The former 
separates asphalts according to the sizes of molecules or assemblies, while 
the later separates asphalts into acidic, basic and neutral components. A 
supercritical extraction process was also used for fractionating asphalt [46], 
Although the fractions obtained through the separations show certain distinct 
properties, such as, viscosity, they are still mixtures, and their precise 
molecular structures are not defined.
The general molecular structure of asphalts has also attracted 
researchers' attention. J. C. Petersen and coworkers developed methods for 
quantitative functional group analysis of asphalt using infrared spectrometry 
[47-50], They identified the polar groups present in asphalt as phenol, 
quinolone, pyrrolic and pyridinic amines, sulfide, sulfoxide, anhydride, 
carboxylic acid and ketone. NMR spectroscopy represents another 
nondestructive probe which can provide some details regarding the structure 
and functionality of asphalts [51-54].
The microstructure of asphalt has been pursued for decades and 
several models were proposed. Since it has been confirmed that asphalt is a 
mixture of polar and neutral components, the microstructures proposed differ
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in the morphology of the polar and nonpolar mixture. In another words, how is 
the polar component distributed among the nonpolar components? T. F. Yen 
et. al. [55] proposed that asphalt is a multiphase system, where the polar 
component (asphaltene) comprises the dispersed phase and the neutral 
component (saturates and aromatics), the dispersing phase, with a resin 
component as the peptizing agent. On another hand, R. E. Robertson et. al. 
[56] believe that no major aggregations of polar species exist, the polar 
components are uniformly distributed within the neutral materials and a three 
dimensional network is formed through noncovalent bonds between various 
polar groups.
The final goal of studying asphalt is to establish the relationship 
between chemical composition, microstructure and physical properties of 
asphalt. In order to understand and control physical properties, one must 
understand what chemical structural units are the main contributors to a given 
physical property, and what alterations in chemistry need or can be made in 
order to adjust physical properties of asphalt to a desired performance. In 
particular, a routine technique which quantifies the components controlling 
the long term behavior of an asphalt cement is required.
In our research work, eight asphalt samples with grades ranging from 
10 to 30 from four different sources were examined. The molecular structure 
of the asphalts was characterized quantitatively using solution-state NMR and 
FTIR techniques. Differential scanning calorimetry (DSC) was employed to 
investigate the crystalline fraction in asphalts. Rheological properties of the 
asphalts were studied by dynamic mechanical analysis (DMA) and constant 
stress rheometer (CSR). Our goal is to achieve an understanding of the 
relaxation mechanisms of asphalt under load at the molecular level based on 
a comprehensive knowledge of its microstructure.
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2.2 Results and Discussion
2.2.1 FTIR and Solution-state NMR Characterization of the Asphalt Samples
The results of quantitative FTIR analysis are listed in Table 2.1 with the 
sample code, supply sources and their grades. Inspection of the data reveals 
the following characteristics. The concentrations of these polar groups are 
very low, among them, phenols and sulfoxide groups always have the lowest 
concentrations. Concentrations of the nitrogen containing groups -  pyrrolics 
and quinolone -- are quite consistent, while carboxylic acid and ketone show 
significant differences in concentrations between asphalt samples. It has been 
believed that pyrrolics and quinolone are present in asphalts originally, but 
carboxyl acid and ketone formed in asphalts due to oxidative aging [50], 
Furthermore, there is no correlation between concentrations of the polar 
groups and the grade of asphalt. Since polar groups should have significant 
contribution to physical properties of asphalt, comparison of asphalt properties 
based simply on the grade is rather imprecise.
An example of proton NMR spectrum is shown in figure 2.1 from which 
one can see that the most prominent features include methyl (0.9 ppm), 
methylene (1.2 ppm) and aromatic (6.6-8.5 ppm) resonance. There is no 
significant intensity observed in 4.0 to 6.5 range, which means lack of 
substantial olefinic structure. While some intensities found in 2.1 to 3.5 ppm 
range may evidence the protons on the carbons attached to heteroatoms and 
aromatic systems. Observation of the proton spectrum reveals that the types 
of groups dominating in asphalt are aliphatic and aromatic, but the complexity 
of the same groups is obvious from lack of fine structure, due to the numerous 
variation in the structure of asphalt components. Percentage of aromatic
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protons and protons corresponding to the resonance in 2.1 to 3.5 ppm are 
listed in Table 2.2, respectively.
A typical 1 3q n m r  spectrum of asphalt samples is show in figure 2.2. 
The resonance signals can be categorized as aromatic (110-160) and 
aliphatic (10-70). It is known that methine structures, especially those 
attached directly to aromatic ring [57], are mainly responsible for oxidation of 
asphalt, a major cause of pavement failure. In order to identify the specific 
aliphatic carbon types in terms of methyl, methylene and methine structures, 
The Distortionless Enhancement by Polarization Transfer (DEPT) technique of 
13C NMR was employed. An example of DEPT spectrum (90° and 135°) is 
shown in figure 2.3 and the chemical shift assignments of aliphatic carbon 
types are listed in table 2.3. Comparison of DEPT NMR spectrum with 
broadband NMR spectrum at aromatic band region (100-160 ppm) reveals 
that no aromatic carbons coupled to hydrogen appears at chemical shifts 
greater than 131 ppm (figure 2.4). The large number of distinctive resonance 
emphasizes the complexity of the asphalts and suggests that correlating NMR 
analyses to asphalt chemical and physical properties will be very difficult.
2.2.2 Crystallinity of Asphalts
The complex nature of asphalts, which are aggregates rather than 
homogeneous system, requires a solid-liquid transition, which involves both 
amorphous phase and crystalline phase. Crystallized fractions in asphalts 
and crude oil has been noticed for some time due to their effect on physical 
and rheological properties of asphalts. F. Noel and L. W. Corbett [58] 
observed endothermic phenomenal in DSC thermograph. Recently, B. Brule 
and P. Claudy et. al. [59-62] devoted great efforts in studying crystallized 
fraction in asphalts. Their research shows that the endothermic effect in DSC 
thermogram stems from the dissolution of crystallized molecules in the
Table 2.1 FTIR Characterization of Asphalt Composition
Sample ACA ACB ACC ACD ACE ACF ACG ACH
Source Calumet Calumet Exxon Exxon Southland Southland Texaco Texaco
Grade AC-10 AC-20 AC-10 AC-20 AC-10 AC-20 AC-20 AC-30
Phenolics* 0.0086 0.0058 0.0069 0.0030 0.012 0.0093 0.0036 0.0040
Pyrrolics* 0.014 0.011 0.022 0.014 0.014 0.014 0.015 0.014
Carboxylic Acid* 0.11 0.083 0.032 0.021 0.022 0.031 0.024 0.032
Ketone* 0.13 0.13 0.027 0.019 0.080 0.043 : 0.027 0.036
Quinolone* 0.041 0.030 0.027 0.027 0.023 0.024 0.017 0.011
Sulfoxide* 0.0022 0.0010 0.0014 0.0036 0.0043 0.0040 0.0008 0.0015
* in mmol/g asphalt.
a. O 6 . 0  4 . 0  2 . 0
PPM
Figure 2.1 An example of proton NMR spectrum of asphalt
Figure 2.2 A typical 1 NMR spectrum of asphalt samples
Table 2.2 NMR Characterization of Asphalt Composition
Sample ACA ACB ACC ACD ACE ACF ACG ACH
Source Calumet Calumet Exxon Exxon Southland Southland Texaco Texaco
Grade AC-10 AC-20 AC-10 AC-20 AC-10 AC-20 AC-20 AC-30
Arom H% 5.5 6.1 6.9 6.0 6.3 6.8 7.1 5.7
Protons(2.1- 
3.5 ppm)% 7.1 5.2 10.4 10.9 8.9 11.8 8.6 7.0
Arom C% 28.2 30.4 37.3 34.1 33.4 33.7 34.0 24.5
Linear Aliph% 41.8 41.6 22.5 21.8 19.5 21.2 22.3 23.2
Table 2.3 Types of Aliphatic Carbons in Asphalt
Structure Type Chemical Shifts, ppm
CH3 10.8, 11.4, 14.1, 14.4, 19.2, 19.7, 20.3, 23.0
CH2 20.1, 21.6, 22.7, 24.5, 25.2, 26.7, 27.1, 27.4,
28.6, 29.4, 29.7, 30.1, 31.9, 33.7, 34.8, 37.1, 
37.4, 39.1, 39.4




Figure 2.3 Comparison of DEPT NMR spectra with broadband n m R 
spectrum of asphalt at aliphatic region (5 ppm -70 ppm)
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Figure 2.4 Comparison of DEPT NMR spectra with broadband 130 n m r
spectrum of asphalt at aromatic region (100 ppm -160 ppm)
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saturate fraction of asphalt. In the present research, an analytic method is to 
be developed by using DSC to characterize asphalts, and the crystallized 
components will be further identified.
DSC thermograms of asphalt ACB under different experiment 
conditions are shown in figure 2.5. Curve A is a DSC thermogram of the 
sample that was heated from room temperature (25 °C) to 120 °C, and cooled 
to -65 °C at a cooling rate of 5 °C per minute, and then warmed at 5 °C per 
minute. One can see that between -5 °C and 55 °C there is an endothermic 
effect (it will be called as endothermic peak or peak in the following 
discussion). There is no significant thermal effect observed in the region 
above 60 °C, therefore, this region will be taken as the baseline of 
thermograms for asphalt samples. The start temperature varied depending on 
the temperature range of endothermic effect of the asphalt sample. The 
enthalpy of the endothermic effect will be determined by integrating the area 
between the endothermic peak and a straight line extended from the baseline. 
DSC thermogram B in figure 2.5 is the result that the sample was first cooled 
to -65 °C from room temperature at 5 °C per minute, and then heated at 5 °C 
per minute. One can see that there are two endothermic peaks instead of one 
as in curve A. The DSC measurements were conducted for all the eight 
asphalt samples and the same endothermic effect pattern were obtained. 
These results are also identical as those from references 60-63. In these 
references, the authors not only studied twenty asphalts they selected but 
also studied the eight Strategic Highway Research Program core asphalt 
samples that were selected by a special panel and can represent asphalts 
from very different sources. The DSC experimental results mentioned above 
may imply that most asphalts have a very similar molecular structure 
combination for their crystallized fractions. Because thermal characterization
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is structure sensitive, identical endothermic effect pattern measured by DSC 
might be taken as thermal responses from identical molecular structures. 
However, this speculation conflicts with the observed complexity in asphalt 
molecular structures, further studies need to be done.
As observed on curve B in figure 2.5, annealing at room temperature 
divided one broad endothermic peak (curve A) into two peaks. In another DSC 
experiment, the ACB sample was annealed at 40 °C for 6 hours. The resulting 
DSC thermogram is shown as curve C in figure 2.5. It can be seen that the 
peak at high temperature moves from 48 °C (curve A) to 52 °C with a reduced 
area, and the convex point from 38 °C to 45 °C. Inspection of curve A - C in 
figure 2.5 reveals that, besides the endothermic phenomenal between - 5 °C 
to 60 °C, there is a concavity between -30 °C and -14 °C. The nature of this 
concavity is not clear at this point. Curve D in figure 2.5 is a DSC thermogram 
of the sample that was annealed at both room temperature and - 5 °C for over 
24 hours, respectively. Compare DSC curves B and D in figure 2.5, one can 
see that both have two endothermic peaks between - 5 °C to 60 °C, but the 
concavity between -30 °C and -14 °C disappeared, and the low temperature 
peak of curve D is less broad. The next DSC measurement was conducted 
with the sample cooled at 0.2 °C/min from 80 to 15 °C, and then 24 hours at 6 
°C and -5 °C, respectively. The resulting thermogram is curve E in figure 2.5. 
One can see that there are three distinct endothermic peaks at 29, 21 and 7 ° 
C, and also the concavity between -30 °C and -14 °C disappeared. The peak 
near 0 °C is due to trace amount ice resulting from condensed moisture on the 
sample pan and is ignored. Based on this discovery, a further annealing of 
asphalt sample was programmed, which is schematically shown in figure 2.6. 
Figure 2.7 shows thermogram of the ACB sample undergoing the annealing
■60 -40 -20 0 20 40 60 80
Temperature (°C)
Figure 2.5 DSC thermograms of asphalt ACB under various 
experiment conditions
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program. A very different picture is observed, there are four distinct peaks at 
this time.
It is known that the transition of liquid to crystal in polymeric substances 
is overshadowed by kinetic factors, which makes the process not well 
understood. Although asphalts are not high molecular weight polymers, with 
an average molecular weight of 700 -1000, asphalts can have quite high 
viscosities at around room temperature. Because of the kinetic complications 
occurring during formation of crystal in asphalts combined with component 
complexity, the transition of liquid to crystal also becomes more involved.
Slow heating or annealing before analysis in order to experimentally realize a 
close-to-equilibrium state is an approach to study the system with more 
thermodynamic sense.
The annealing program was applied to the other seven asphalt 
samples and the corresponding thermograms are shown in figures 2.8 to 2.14, 
respectively. One can see that, after annealed, not all thermograms (figures 
2.7-2.14) of the eight asphalt samples have the same endothermic effect 
pattern. However, further inspection reveals that there are four endothermic 
effect patterns among the eight samples. ACA (figure 2.8) and ACB (figure 
2.7) show four distinct endothermic peaks at 7, 22, 37 and 46 °C, respectively, 
while ACC (figure 2.9) and ACD (figure 2.10) have two distinct endothermic 
peaks at 10 and 23 °C, and a broad peak between 35 °C and 80 °C. In the 
thermograms of ACE (figure 2.11) and ACF (figure 2.12), only a round peak at 
25 °C and a broad peak between 35 °C and 70 °C are observed. ACG (figure 
2.13) and ACH (figure 2.14) also show a peak at 25 °C, but it is much sharper 
than that in figures 2.11 and 2.12, besides, there is a spike at 41 °C from the 
broad peak between 35 °C and 80 °C. It turns out from a sample information 




















Figure 2.6 Annealing program for asphalt samples
DDSC
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Figure 2.7 DSC thermogram of asphalt ACB undergoing the annealing
program
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Figure 2.14 DSC thermogram of asphalt ACH undergoing the annealing 
program
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same manufacture source. A possibility arising from this observation is that 
the annealing method might provide a way to identify the source of an 
unknown asphalt. The following case may be taken as an example. Three 
asphalt samples of different grade were given to the author to perform the 
annealing experiment and DSC measurement. The resulting thermograms are 
shown in figure 2.15. It can be seen that all the DSC curves show two peaks 
at 9 °C and 28 °C, respectively. However, scrutiny of the endothermic peaks 
reveals that the peaks of curve A and C show the same shape which is a little 
different from that of curve B. Background information shows that the 
samples of curve A and C are from the same source, while the sample of 
curve B is from another source. It should be clarified that the observations 
mentioned above only show a possible application in asphalt identification, 
numerous experiments need to be done before the method can be verified.
It has been known that, in asphalt, only the saturate fractions from 
column chromatography separation exhibit strong endothermic effect 
corresponding to a dissolution process [62]. Model hydrocarbon compounds 
were used to help understand crystallized fractions in asphalts. Figure 2.16 
shows DSC thermograms of octacosane (CH3(CH2)2 6 CH3), eicosane 
(CH3(CH2)i8c H3), octadecene-1 (CH3 (CH2 ) i6 CH=CH2 ) and hexadecene-1 
(CH3(CH2 ) i 4 CH=CH2). Octacosane, octadecene-1 and hexadecene-1 each 
have two different peaks, while eicosane shows one melting peak. These 
hydrocarbons were selected as models because their endothermic peak 
temperatures overlap the temperature range of the endothermic peaks from 
the asphalt samples, are listed in table 2.4. The four hydrocarbons were 
mixed in equal weight (designated as the model mixture), and the mixture was 
analyzed by DSC using the following procedures. First, the sample was 
cooled down to -65 °C at 5 °C/min, and warmed at 5 °C/min, and then
28
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Figure 2.16 DSC thermograms of octacosane, eicosane, octadecene-1 and 
hexadecene-1.
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the sample underwent the annealing program (figure 2.6) and warmed at 5 ° 
C/min. The corresponding DSC thermograms are shown on figure 2.17 and 
2.18, respectively. One can see that the unannealed sample (figure 2.17) has 
three endothermic peaks at 47, 22 and -21 °C, the area defined by the peak at 
22 °C is greater than that at 47 °C. After annealing (figure 2.18), the peak that 
was at 47 °C shifted to 50 °C, while the middle peak became broad showing a 
peak temperature at 18 °C and a shoulder of 23 °C, the low temperature peak 
moved even lower to -26 °C.
Table 2.4 Endothermic Peaks on DSC Thermogram of Four Hydrocarbons













Since they have the same unit chemical structure which is able to fit 
into the same crystal lattice, the hydrocarbons can co-crystal I ize when mixed 
together. As a result, the endothermic peaks at seven different temperatures 
from the individual hydrocarbon merged into three peaks, giving a simple DSC 
thermogram. The same process could occur in asphalt, where hydrocarbons 
with different chain length can co-crystallize and form certain endothermic 
patterns which may be simpler than what is expected from the component 
complexity of asphalts. The crystallization process of the model mixture also 
shows a kinetic effect. Annealing increased the area of the peak at high
30
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Figure 2.17 DSC thermogram of the model mixture cooled from room 
temperature to -65 °C at 5 °C/min, and warmed at 5 °C/min
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Figure 2.18 DSC thermogram of the model mixture undergoing the annealing 
program
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temperature, which represents a crystal structure having higher 
thermodynamic stability.
Doping of pure crystalline hydrocarbons into asphalt is another way to 
help understanding crystallinity in asphalt. Octadecene-1, eicosane and 
octacosane were added to asphalt ACB respectively. The corresponding 
DSC thermograms of pure hydrocarbon and the mixture are compared in 
figures 2.19-2.22. Figure 2.19 shows adding 3% octadecene-1 to ACB does 
not change the endothermic pattern significantly, except that the peak at 7 °C 
becomes sharper and a small peak at -8 °C occurs. While in figure 2.20, 
adding 2% eicosane into ACB results in a shift of the peak that was at 7 °C in 
ACB to 9 °C and a significant increase of enthalpy value under the peak, the 
peak that was at 24 °C also shifts to 21 °C, and the peaks that were at 38 °C 
and 47 °C remain the same. When 4% eicosane was doped into ACB, the 
peak that was at 7 °C further move up to 10 °C and the peak that was at 24 ° 
C further move down to 16 °C, a broad peak occurs at 32 °C and the peak at 
38 °C becomes a shouider (figure 2.21). Addition of 2% octacosane (figure 
2.22) did not significantly change the peaks that were at 7 and 24°C in ACB, 
but rises two overlaid peaks at 35 °C and 39 °C, the peak that was at 47 °C 
becomes a shoulder and a peak at 56 °C is observed.
Table 2.5 lists enthalpy values of the aliphatic hydrocarbons, asphalts 
and their mixtures. The measured values of the endothermic effect are 
obtained by integrating the area between the dashed line and DSC curve. 
The calculated values for the mixtures are from the weight average of 
measured enthalpy values of the corresponding components that consist the 
mixture. It can be seen that the mixture of octacosane, eicosane, 
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2% octacosane in ACB
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Figure 2.22 DSC thermograms of octacosane and the ACB doped with 2% 
octacosane
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2% octadecene/ACB 7.1 10.2
2% eicosane/ACB 10.8 10.8
4% eicosane/ACB 15.5 15.1
2% octacosane/ACB 12.0 11.9
very close to the calculated value of 225.8 J/g, which means that, although the 
crystals from co-crystallization may have different melting points from that of 
individual component crystals, the melting enthalpy of the crystals from co­
crystallization is just the sum of that of individual component crystals. Now 
let's see what happened to the asphalts doped with crystalline aliphatic 
hydrocarbon in terms of endothermic enthalpy. Addition of 3% Octadecene-1 
did not increase enthalpy of ACB significantly. The increases of enthalpy of 
ACB doped respectively with 2% and 4% eicosane and 2% octacosane are 
almost the same as the enthalpy of melting for the pure alkanes.
Furthermore, enthalpy values of individual endothermic peak area on 
DSC thermograms of asphalt ACB and doped ACBs were obtained by 
integrating the divided area as shown in figure 2.7, designated as peak I, peak
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II, peak III and peak IV from left to right. The enthalpy values are listed in 
table 2.6. Investigation of the data reveals the following; a) addition of 3% 
octadecene-1 into ACB affected neither the endothermic effect pattern and 
overall enthalpy value, nor the enthalpy values for individual endothermic 
peaks; b) addition of 2% and 4% of eicosane mainly increased the enthalpy










ACB 2.6 2.5 0.7 0.6
2% octadecene/ACB 2.8 2.5 1.0 0.8
2% eicosane/ACB 5.8 3.7 0.8 0.4
4% eicosane/ACB 7.0 6.0 1.9 0.5
2% octacosane/ACB 1.1 2.7 8.2 _
values corresponding to peaks I and II; while c) doping 2% octacosane not 
only increased the enthalpy value of the endothermic peak from 30 °C to 60 ° 
C, but also reduced the enthalpy value of peak I.
The crystallized fraction in asphalts may consist of both low-molecular- 
weight, long-chain n-alkanes and long methylene side chains, which are 
between small molecules and high molecular weight polymers in respect of 
crystal structures. Unfortunately, the number of studies of crystal structure of 
low-molecular-weight, long-chain compounds or side chains are very limited.
In particular, there are few literature references on the structure of mixtures of 
crystallizing n-paraffins or mixtures of crystallizing n-paraffins and amorphous 
organic compounds. It is generally believed that at temperatures lower than
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the melting point, the molecules of n-paraffins are packed parallel to each 
other, similar to cylinders of rotation. X-ray data show [63] that the average 
distance between their axes is 4.6-4.8 A, and the number of nearest 
neighbors is approximately six, in another word, the packing is nearly 
hexagonal.
When crystalline paraffins or aliphatic hydrocarbons are mixed 
together, they may co-crystalyze, which involves the co-crystallization of 
portions of the methylene chains which have the same chemical structure, or 
isomers, where the chemical structures are different, but they are able to fit 
into the same crystal lattice, or they can combine to form a new crystalline 
structure. In table 2.5, that the measured enthalpy value of the mixture of 
octacosane, eicosane, octadecene-1 and hexadecene-1 matches the 
calculated value implies that they co-crystalyzed when mixed together. The 
change of melting point (table 2.4) of the mixture from that of the parent 
components may imply a change in either crystal structure or crystal size, or 
changes in both of them.
In the light of DSC thermograms of annealed asphalt samples, the 
crystalline fractions in asphalt varies from asphalt to asphalt and are possibly 
identified. The temperature of an endothermic peak on DSC thermograms 
may not be the same as that of melting pure crystalline component, since any 
individual crystalline component will interact with amorphous fraction as well 
as other crystalline components. While, as we have seen in tables 2.4 and 
2.5, some interactions may change enthalpy values of the endothermic effect, 
and some may not. Doping 3% octadecene-1 (figure 2.19) did not change 
endothermic effect of ACB implies that it is dissolved by the amorphous 
portion in asphalt. We may speculate that alkanes or methylene segments 
which have comparable crystalline chain lengths to that of octadecene-1 will
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not be able to contribute to crystallinity of asphalt ACB. On another hand, that 
the enthalpy values of ACBs doped with eicosane and octacosane are simply 
the sum of the enthalpy values of ACB and alkanes added, while the 
corresponding endothermic peak temperatures are more than twenty degree 
lower than melting points of the alkanes, can be interpreted as that the 
amorphous portion in the asphalt can cause melting point depression to 
eicosane and octacosane but can not dissolve them. Addition of eicosane 
into ACB mainly increases the enthalpy of peaks I and II, which means 
endothermic effect in this temperature range is probably the result of 
dissolution of alkanes or methylene segments which have comparable 
crystalline chain lengths around twenty carbons. Another evidence is that 
when the ACB doped with 4% eicosane were melted at 130 °C, and cooled at 
20 °C/min to -60 °C, then warmed at 5 °C/min. The DSC thermogram shows 
a single peak at 12 °C (figure 2.23), which falls between peak I and II. 
Comparison between ACB doped with 2% octacosane and the original ACB in 
respect to enthalpy values of individual peaks reveals an interesting 
phenomenon; addition of octacosane reduced the enthalpy value of peak I 
while it increased the enthalpy value at peak III temperature range. With the 
fact in mind that the overall enthalpy value is the sum of original ACB and the 
octacosane added, one speculation can be that the octacosane incorporated 
part of the crystalline component is responsible for endothermic effect in peak 
I through co-crystallization. Addition of octacosane resulted in a strong 
endothermic effect in form of a split peak with peak temperatures at 35 and 39 
°C after the sample underwent the annealing program. If the sample was 
cooled from melt at 20 °C/min to -60 °C, and then warmed, the corresponding 
DSC thermogram shows one single peak at 36 °C (figure 2.24). Therefore, 
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Figure 2.23 DSC thermogram of asphalt ACB doped with 4% eicosane 





Figure 2.24 DSC thermogram of asphalt ACB doped with 2% octacosane 
melted at 130 °C, and cooled at 20 °C/min to -60 °C, then warmed at 5 °C/min
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responsible for the endothermic effect occurs above 30 °C on DSC 
thermogram, if the sample underwent the annealing program.
During a melting transition the three thermodynamic functions, the 
enthalpy, entropy and volume, show major changes. The enthalpy change of 
an asphalt sample during a melting transition, which can be measured by 
DSC, will show fingerprint characteristic if the sample is in a close-to- 
equilibrium state and have a potential application in identifying asphalts. With 
systematic experiments of doping alkanes into asphalts and measurements of 
DSC thermograms under close-to-equilibrium state, crystalline components in 
terms of crystalline chain length can be identified. For example, from the 
results discussed above, components with crystalline chain length similar to 
octadecene-1 are not able to combine with the crystalline components crystal 
in asphalt ACB, and most endothermic effect is from the dissolution of 
components with crystalline chain length similar to n-alkanes (n<28).
2.2.3 Glass Transition Processes in Asphalt
Thermodynamic properties of asphalt are described and connected to 
the microscopic picture. The major transition that characterizes the 
amorphous solid and liquid states is the glass transition. A liquid becomes a 
solid on cooling through the glass transition temperature. Microscopically, it is 
well known that the glass transition involves only the process of freezing of 
large-scale molecular motion without change in structure. The glass transition 
occurs at a recognizable "transition temperature" because of a rather large 
temperature dependence of the relaxation time for large-scale molecular 
motion (micro-Brownian motion). Obviously, the glass transition temperature 
(TG) is a very important property to most organic materials not only because it 
limits practical applications but also because it can provide valuable 
information about microstructure of a material.
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Since the heat capacity of the glass is always lower than that of the 
liquid at the same temperature, and since there is no latent heat involved in 
stopping molecular motion, the glass transition takes superficially the 
appearance of a thermodynamic second-order transition (zero change in the 
first derivative of the free enthalpy and non-zero change in the second 
derivative of the free enthalpy on going through the transition). The freezing 
of molecular motion is, however, time dependent, so that the glass transition 
is kinetic in nature, and is called an irreversible process.
Tg can be determined by heat capacity, expansion coefficient, 
compressibility, dynamic mechanic resonance or dynamic dielectric resonance 
with various techniques. We believe that DMA based on dynamic mechanic 
resonance principle is the best technique to determine Tg both in terms of 
accuracy and correlation with service conditions of asphalt on the road. The 
Tg was identified as the temperature corresponding to the maximum of loss 
modulus, E", at each frequency (figure 2.25).
If the reciprocal in °K of the Tg observed at a given frequency is plotted 
against the corresponding frequency, based on an Arrhenius equation, an 
activation energy for the relaxation process can be computed (figure 2.26). 
Table 2.7 summarizes Tg’s and the calculated activation energies, Ea for our 
asphalt samples.
Scrutiny of table 2.7 reveals that asphalts with the same grade can 
exhibit very different Tg's, e. g., compare ACC and ACD. An asphalts with a 
higher grade may have the same or even lower Tg than that of an asphalt with 
lower grade. Another interesting thing to note is that the values of activation 
energy for the transition process of the asphalt samples are close enough to 
be considered constant; an average active energy of 9.4 kcal/mol with a 
standard deviation of ±0.4 kcal/mol is observed. B. Brule et. al. [59] measured
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Figure 2.26 An Arrhenius plot of frequency against Tg
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Tg of four asphalt samples with DMA at eight different frequencies from 0.015 
to 7.3 Hz, a lower range of frequencies than we employed. We calculated the 
values for Ea from Brule's data: the results for the four samples are 9.6, 9.3,
9.3 and 8.4 kcal/mol, respectively, which are consistent with our results. The 
activation energy in this context is an energy barrier separating two set 
conformations which are in equilibrium. The height of the barrier determines 
the temperature dependency of the wiggling rate at which the molecules 
change from one conformation to another conformation. Thus, the constant 
activation energies imply that the molecular structures responsible for 
relaxation in each sample are the same. Previous authors [59, 64, 65] have 
examined fractionated asphalt samples and have shown that only saturates 
and aromatic fractions contribute to the glass transition. We determined the 
activation energy of low density polyethylene (LDPE) Tg to be 9.9 kcal/mol, 
which is very close to that of asphalt. Hence, we postulate that only those 
segments primarily composed of aliphatic units are wiggling in the glass 
transition process.
Table 2.7 Glass Transition Temperature (Tg) from E", Active Energy (Ea) of 
the Transition and Cracking Temperature (Tc) of Asphalts
Asphalt 1 Hz 10 Hz 50 Hz Ea (kcal/mol) Tc
ACA -23.CPC -17.8°C -13.3°C 9.8 -12°C
ACB -24.9°C -17.6°C -14.5°C 8.8 -9°C
ACC -19.6°C -17.6°C -14.5°C 10.0 -3°C
ACD -14.9°C -9.9°C -4.1°C 9.4 -5°C
ACE -32.2°C -26.6°C -22.5°C 9.0 -20°C
ACF -23.2°C -18.8°C -13.8°C 9.5 -10°C
ACG -16.5°C -10.5°C -6.1°C 9.7 0°C
ACH -16.CPC -9.6°C -5.1°C 9.2 -3°C
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Imposition of a larger strain (1 %) on the asphalt samples at 50 Hz in 
DMA experiments will induce cracking at a specific temperature during the 
cooling (figure 2.27). The temperature, called cracking temperature (Tc), can 
be used to estimate the low temperature cracking resistance of asphalt. The 
cracking temperature (Tc) is listed in Table 2.7. Note that all asphalt samples 
cracked at temperature above their Tg at 50 Hz, which implies that Tg can be 
considered the limit of brittle temperature of asphalt when the loading 
frequency and the frequency under which the Tg is measured are the same.
In five of the eight cases the asphalt sample cracked at temperature within 4° 
C of its Tg, however sample ACC cracked 11.5° above its Tg. The reason 
behind this deviation is not clear, but we believe it is related to the morphology 
of the asphalt.
2.2.4 Viscous Flow Process of Asphalt
Figure 2.28 is a typical plot of shear stress o versus shear strain rate y* 
for asphalt samples at a constant temperature. The coefficient of shear 
viscosity is the slope of the line. It can be seen that asphalt is a pseudoplastic 
material. In other word, the flow curve of asphalt is not characterized by a 
single viscosity, appearing less viscous at high rates of shear than at low 
rates. It was observed that the eight asphalt samples studied exhibited 
pseudoplastic behavior when temperature was lower than 100 °C. The "zero" 
shear viscosity is the slope of the tangent to the pseudoplastic curve at the 
origin. Thus, "zero" shear viscosities at different temperatures were 
determined.
At temperatures well above the glass transition temperature, the 
viscosity is primarily governed by the energy required for a molecule to jump 
from one site to an adjacent site. The dependence of "zero" shear viscosity on 








-12 -10 -8 
Temperature °C













Shear rate y (1/sec)
Figure 2.28 A typical plot of shear stress a versus shear strain rate y* for 
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versus temperature for asphalt.
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the Arrhenius plot of the "zero" shear viscosity versus temperature for asphalt. 
One observes that the curve is basically comprised of two linear regions with a 
single inflection point. The different slopes imply that the energy barrier of the 
flow process changed at a certain temperature, called the onset temperature 
T0, where a significant change in interaction between molecules occurred.
The T0 'S determined for each asphalt samples are listed in table 2.8. The - 
molecular nature of the activation energy change has not been experimentally 
confirmed at this point, but we speculate that dissociation of aromatic 71- 
complexes must contribute to the change in molecular interaction. In addition, 
polar aromatics may interact to form of a three dimensional network that 
extends throughout asphalt.
Table 2.8 Onset Temperature (To) of the Arrhenius Plot of Viscosity versus
Temperature
ACA ACB ACC ACD ACE ACF ACG ACH
74 72 63 74 86 75 70 71
2.3 Summary
Chemical structures of eight asphalt samples from four different 
sources with grade from ten to thirty were studied with quantitative infrared 
spectroscopy, proton nuclear magnetic resonance and 13C nuclear magnetic 
resonance. No correlation were found between molecular structure 
characteristics, such as, concentrations of the polar groups, ratio of aromatic 
component to aliphatic component, and the grade of asphalt. Since 
molecular structure should have significant contribution to physical properties 
of asphalt, comparison of asphalt properties based simply on the grade is 
rather imprecise.
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The crystallization process of asphalt is very time dependent. Before 
analysis, a several step annealing process is required to experimentally 
realize a near-equilibrium state in order to study the system 
thermodynamically. The differential scanning calorimetry method developed 
in this research shows a possible application in asphalt identification respect 
to crude and manufacture source.
Crystallization process of asphalt ACB was systematically studied with 
DSC and model crystalline aliphatic hydrocarbons. The results show that the 
crystalline components in asphalt have distinct endothermic pattern which 
depend on their chemical structure and the interactions with amorphous 
phase and among themselves. Most endothermic effect is from the 
dissolution of components with crystalline chain length similar to n-alkanes 
(n<28). Alkanes or methylene segments which have comparable crystalline 
chain lengths to that of octadecene-1 will not be able to contribute to 
crystallinity of asphalt ACB.
Dynamic mechanic analysis shows in asphalts only those segments 
primarily composed of linear aliphatic units contribute to the glass transition 
process. All asphalt samples cracked at temperatures slightly above their 
Tg's measured at 50 Hz. This implies that Tg can be considered the limit 
of brittle temperature of asphalt when the loading frequency and the 
frequency under which the Tg is measured are the same.
The eight asphalt samples show characteristics of a pseudoplastic 
substance at temperature lower than 100 °C. Activation energy analysis of the 
viscous state of the asphalts reveals that a three dimensional network that 
extends throughout asphalt may exist via intermolecular 7 1 -7 1  interactions.
CHAPTER 3 SYNTHESIS AND CHARACTERIZATION OF POLYMER
MODIFIERS
3.1 Introduction
Chlorination is a widely used method for modifying polyethylene. It is 
well known that the physical properties of chlorinated polyethylene are 
dependent on chlorine content and chlorine distribution, which in turn is 
determined by the technique used for chlorination. Chlorination can be carried 
out in a homogeneous phase (solution method), or a heterogeneous phase 
(suspension method). Microstructure and morphology of chlorinated 
polyethylene have been studied by several authors [67-72], In a solution 
chlorination, the randomly attached chlorine atom destroys the ordered 
arrangement of the polyethylene chain so that the crystallinity of the polymer 
decreases. Suspension chlorination, on the other hand, leads to blockiness in 
distribution, the sufficiently long unchlorinated segments being able to 
crystallize. In this work, we tried to adjust microstructure of chlorinated high 
density polyethylene by controlling the chlorination temperature. The resulting 
products were characterized with NMR, FTIR and DSC.
Grafting of preformed polymer is an important method for the 
preparation of polymers with functional groups. Maleic anhydride is a reactive 
monomer with both double bond and anhydride group. Maleic anhydride graft 
copolymers are specialized materials because the pendent anhydride moiety 
provides functionality for cross-linking and other chemical modification. The 
techniques explored for grafting maleic anhydride to polyethylene (PE) 
backbones include free radical, ionic, and radiation reactions [73], The free 
radical technique has attracted more attention [74-76], due to its simplicity 
and effectiveness. However, it was found that in the free radical grafting 
process polyethylene tends to cross-link to form insoluble by-products.
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Further, the detailed structure of maleic anhydride grafted PE (PE-g-maleic 
anhydride) is still not clear in terms of graft distribution.
In the present study, the grafting process were carried out in solution 
and molten PE, respectively, in the presence of free radical initiators. 
Conditions which minimize the cross-linking of PE will be investigated. The 
products were characterized by solution-state NMR, FTIR, and DSC. 
Maleation of polyethylene through reactive extrusion process was studied; 
consideration of energy and environment conservation suggests that the 
process could be employed in polyolefin recycling.
Copolymers of maleic anhydride and aliphatic alpha olefins render an 
interesting chain structure, where relatively long side branches spaced 
comparatively closely along the main chain. They differ from ordinary 
branched polymers and are called comb-shaped polymers. Copolymers of 
maleic anhydride and aliphatic alpha olefins are unique because the reactive 
anhydride group in the backbone and many long aliphatic side chains, which 
is just a reverse of the structure of maleic anhydride grafted polyethylene, 
where the aliphatic segments are in the backbone and the anhydride are the 
side groups. The literature on maleic anhydride and aliphatic alpha olefins 
copolymers is limited but sufficient to suggest that further investigation of their 
preparation would be worth while [77-80], Copolymers and terpolymers of 
maleic anhydride and alpha olefins with eight to eighteen carbons will be 
prepared and the products are characterized with FTIR, DSC, proton and 
carbon-13 NMR, and mass spectrometry.
3.2 Experimental
High density polyethylene(CODE: HDPE) was supplied by Allied Signal 
Co.. The polymer had weight and number average molecular weights of 
8.5x10 ^  and 1 .9 x 1 0 4 . respectively; the melt index was 25. Low density
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polyethylene(CODE: LDPE) was obtained from Aldrich Chemical Co. The 
polymer had density of 0.915 and melt index of 22.
A series of chlorinated polyethylenes (CPE) was prepared either in 
suspension or in solution. In suspension, the chlorination was carried out at 
70, 80, 90 and 100 °C, respectively. In a typical suspension chlorination, 30 g 
of the HDPE powder was placed in a four-neck reaction flask with 250 mL 
1,1,2,2-tetrachloroethane (TCE)(Aldrich Chemical Company Inc. 97%). The 
vessel was equipped with adapters for a nitrogen inlet and for a chlorine inlet. 
The suspension was magnetically stirred and placed in a constant 
temperature bath at 80 °C. The reaction was initiated with 2,2-azobis(2- 
methylpropionitrile) (AIBN) and constant flow of chlorine gas, the weight ratio 
of AIBN/HDPE being 0.2. After desired reaction time, the reaction mixture 
was quenched in a large volume of methanol. The product was separated by 
filtration, washed several times with methanol and vacuum dried at 55 °C for a 
week.
Solution chlorination was performed in TCE. The polymer was 
dissolved at 130 °C to a concentration of 7 percent (w/v) under nitrogen flow. 
The solution was then maintained at 110 °C with a constant flow of chlorine 
gas. The system was stirred magnetically during the whole process. After the 
desired time, the reaction mixture was quenched in methanol, washed several 
times with methanol and vacuum dried at 55 °C for a week.
The chlorine content was determined with proton NMR. The chlorine 
distribution along polymer chain was analyzed using NMR, FTIR and DSC 
data. The samples for NMR analysis were run as 15 percent (w/v) solutions in 
p-dichlorobenzene (Aldrich, spectrophotometric grade). NMR measurements 
were conducted using an Bruker AC 200 NMR Spectrometer at 115 °C to 
insure that the entire sample was dissolved. Samples for infrared analysis
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were prepared by casting a solution of the polymer in TCE on a KBr plate, 
then the KBr plate was warmed dried. A Perkin Elmer FTIR Spectrometer 
1760X was used to perform the infrared measurements. DSC was carried out 
using a SEIKO DSC 220C controlled by SSC/5200 data station. The 
instrument was calibrated for temperature and enthalpy with indium. About 10 
mg of sample was placed in an aluminum pan and the pan was then sealed. 
The cooling rate was 5 °C/min and the heating rate was 20 °C/min unless 
otherwise mentioned.
A series of maleated polyethylenes was prepared either in solution or in 
melt. In a typical solution maleation, low density polyethylene (LDPE), 20 g., 
was dissolved in 150 mL dichlorobenzene(DCB) at 130 °C, and 4 g of maleic 
anhydride was added. After raising the reaction temperature to 150°C, the 
maleation was initiated by adding 1 mL dicumyl peroxide (DCP) solution (0.5 g 
DCP in 15 mL DCB); further 1 mL aliquots of DCP solution were injected 
every 15 minutes. The maleic anhydride content was controlled by reaction 
time. At the end of the reaction, the solution was allowed to cool to room 
temperature and poured into 750-1000 mL methanol; the precipitate was 
washed several times with methanol and dried in vacuo at room temperature 
for more than 72 hours. In some reactions 0.68 gram triethyl phosphate 
(TEPA) was included as an additive.
Melt maleation was carried out with 500 grams LDPE, 50 grams maleic 
anhydride and 5 grams dicumyl peroxide in a twin screw extruder. The 
temperatures at five heating stages of the twin screw extruder were 140, 150, 
160, 170, 170 °C respectively. The pressure was 200 to 300 psi and the feed 
rate was 10 gram per minute.
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The extent of polyethylene maleation was determined with proton NMR; 
the sample w^s dissolved in DCB/benzene-dQ. 1H spectrum was obtained 
using a Bruker AM 400 NMR spectrometer at 115 °C.
Copolymerizations of maleic anhydride and aliphatic alpha olefins were 
performed. For example, 32.8 grams octadecene-1 and 2.55 gram maleic 
anhydride were placed in a three-neck reaction flask with 30 mL 
dichloroethane, the vessel was equipped with adapters for a nitrogen inlet.
The solution was stirred magnetically and placed in a constant temperature 
bath at 90 °C. The copolymerization was initiated by adding 0.5 gram benzoyl 
peroxide; further 0.5 gram benzoyl peroxide were added every 30 minutes for 
three hours. At the end of the reaction, the solution was allowed to cool to 
room temperature and poured into 300 mL isopropanol; the precipitate was 
collect and washed several times with isopropanol and dried in vacuo at room 
temperature for more than 24 hours. The final products were analyzed by 
various methods. Infrared spectra of samples were obtained by means of a 
Perkin Elmer 1760X Series infrared spectrometer. Proton NMR and 13C NMR 
spectra were obtained using a Bruker 200 spectrometer, the samples were 
dissolved in deuterated chloroform and the chemical shifts referenced to 
tetramethylsilane. Molecular weight of the copolymers were measured by 
using a mass spectrometer.
3.3 Results and Discussion
3.3.1 Microstructure of Chlorinated Polyethylene
Figure 3.1 shows the FTIR spectra of the high density polyethylene and 
several chlorinated polyethylenes produced from it. Chlorination conditions 
with the exception of reaction temperatures were held constant, the 








CPE, 70 C, 21%(wt)
CPE. 80 C. 16%(wt)
CPE, 100 C. 14%(wt)
CPE, 110 C, 21 %(wt)
- .5 -
1200 1000 eoo 600
Wavonumbers (c m -1 )
Figure 3.1 FTIR spectra of the high density polyethylene and several 
chlorinated polyethylenes produced from it
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The strong CH2  rocking mode of polyethylene with a characteristic 
splitting due to crystalline and amorphous configurations is observed in the 
7 2 0 -7 3 0  cm-1 region of FTIR spectrum of HDPE. The peak at 7 2 0  cm-1 has 
contributions from methylene sequences in both the crystalline and 
amorphous phase [75], while the 7 3 0  crrr'l band is assigned to the crystalline 
phase alone. The method of chlorination has a major effect on both band 
intensity and band splitting. Comparison of the spectra of polymer with similar 
chlorine contents shows that the bands are weaker for CPE prepared at 100  0 
C with 1 4 %  chlorine (spectrum D) than those for CPE prepared at 8 0  °C with 
1 6 %  chlorine (spectrum C), and, in spectrum E, the 7 3 0  cm_1 band becomes 
a shoulder. The changes in these bands are caused by decreasing 
crystallinity as the number of unchlorinated methylene segments long enough 
to crystallize decreases. The density and clear splitting of these bands 
suggest that the CPEs prepared at 7 0  or 8 0  °C are blocky, while those 
prepared at 100  °C or in solution have random distribution.
The CH2  bending mode appears at about 1 4 7 0  cm‘ 1 and 1 4 6 0  cm-"' in 
the spectrum of HDPE (spectrum A) was assigned by Nambu [81 ] to CH2  
segment of various length, i.e., (CH2)x and (CH2 )y (x>y), respectively. 
Observation of spectra B to E reveals that the 1 4 7 0  cm'1 band becomes a 
shoulder in D and E, but persists in B and C, which is similar to the behavior 
of the 7 2 0 -7 3 0  cnrr1 bands discussed above.
The C-CI stretching bands at 6 1 5  and 6 6 0  cm'1 are assigned to 
isolated chlorine in the TT and TG conformations, respectively [82], A band at 
about 6 8 5  cirri h as peen identified with vicinal chloride structures, such as, - 
CHCI-CHCI-, or -CHCI-CHCI-CHCI-. As can be seen in spectra D and E, there 
are clearly two peaks at 6 6 0  cm"1 and 6 1 5  cm-1. However, the 6 6 0  cm-1 
band is broadened and shifted toward higher wavenumbers in B and C, which
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may be indicative of the presence of vicinal chlorides that contribute to a peak 
at 685 cm 'l.
Fourier transform infrared spectroscopy is a powerful technique to 
measure not only microstructure but also conformation of CPE molecules, but 
it is not successful in performing quantitative measurements because these 
heavily overlapped peaks, in most cases, cannot be resolved correctly. 
However, quantitative data can be obtained using nuclear magnetic 
resonance (NMR) techniques.
Figure 3.2 shows the NMR spectra of HDPE (the lower spectrum), 
which is primarily one single peak corresponding to -CH2 - unit. In the upper 
spectrum , a chlorinated polyethylene sample containing 15 wt% chlorine 
prepared in suspension at 100 °C  is plotted. The methylene, -CH2 -, units that 
are two carbons (or more) away from the chlorine-containing carbon are 
designated as y (or remote) methylene units. They correspond to a strong 
signal with a chemical shift of 1.25 ppm, which is the same as the methylene 
signal of HDPE. The hydrogen attached to a chlorine-containing carbon 
appears as a signal downfield in range from 3.6 to 5.2 ppm. The details of this 
chemical shift region are shown in figure 3.3 with three examples. According 
to Satio et. al. [83] and our measurements, the assignments of chemical shift 
for the variety types of CHCI units in a NMR spectrum is given in figure 3.3.
Figure 3.4 shows the ratio of y (or remote) methylene units to total units 
in CPE molecular chains of various chlorine contents prepared under different 
conditions. The ratio was calculated from integration of NMR data. Inspection 
of the plot reveals that the extended methylene segments in CPEs decrease 
with chlorine content depending on chlorination method and temperature. The 
homogeneously conducted chlorination (110 °C) decreases the segment 






Figure 3.2 H NMR spectra of HDPE (the lower spectrum) and a chlorinated 
polyethylene (the upper spectrum) containing 15 wt% chlorine prepared in
suspension at 100 °C
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Figure 3.4 The ratio of y (or greater) methylene units to total units in CPE 
various Cl (wt%) content
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80 or 90 °C show similar behavior. The methylene segmental length decrease 
very slowly if the chlorine content is lower than 14%. The CPEs chlorinated at 
100 °C behave closer to those made in solution.
The ratio of isolated CHCI units to total units in CPE was plotted 
against chlorine content in figure 3.5 for CPEs prepared under different 
conditions. It can be seen that the increase of the isolated CHCI units with 
chlorine content is independent of the chlorination temperature for CPEs 
prepared in suspension at 70, 80 or 90 °C, and much lower than the increase 
in the corresponding ratio for CPEs prepared in suspension at 100 °C or in 
solution. In the plot for those units in multi-substituted segments, which 
corresponds to the NMR signals of chemical shift from 4.0 to 4.8 ppm (figure 
3.6), both curves have inflection points around 20% chlorine contents. This 
may not be a surprising for the heterogeneous system, but was not expected 
in the homogeneous system at a chlorine content as low as 20% by weight or 
about 10% by mole. It implies that, even in solution, the chlorination is not 
carried out uniformly. Failure to make chlorine diffuse throughout the whole 
system in a short time could be one reason responsible for this. The multi­
substituted units are present almost immediately after the chlorination starts at 
70 °C, but do not appear in solution or 100 °C chlorination samples until a 
minimum 5 wt% chlorine is incorporated.
Figure 3.7 shows the ratio of vicinal chlorides to total units in CPE of 
various chlorine content. Three distinct trends can be identified. One, for the 
CPEs prepared in suspension at 70 or 80 °C, there is an inflection point at 
about 15% chlorine. Second, the CPEs prepared in suspension at 90 °C 
(unlike the cases in figures 3.4-3.6) can be distinguished from those 
chlorinated at 70 or 80 °C, by the slower increase in adjacent substituents with 
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Figure 3.7 The ratio of units, such as -CICH-CICH-C1CH-. to total units 
CPE of various Cl (wt%) content
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seen up to 36 wt% chlorine in CPEs prepared in solution or in suspension at 
100 °C.
The NMR data show that the CPEs chlorinated at 70, 80 or 90 °C have 
blocky chlorine distribution, those chlorinated at 100 °C or in solution are 
random. However, a difference in the blockiness between chlorinated 
products prepared at 90 °C and those treated at 70 or 80 °C can be detected. 
Further, a difference in the randomness between materials prepared at 100 °C 
in suspension and those chlorinated in solution is apparent.
An example of a DSC thermogram of CPE containing 19%(wt) chlorine 
prepared heterogeneously at 90 °C is presented in figure 3.8. The fusion heat 
of CPE is defined in joule per gram CPE. It is apparent that if chlorination 
converts HDPE crystals into amorphous material, then not only chlorine- 
containing carbons but also the carbons adjacent to the chlorinated carbons 
will not contribute to crystallinity. Therefore, the fusion heat will be converted 
from joule per milligram CPE into joule per gram CH2  units, called reduced 
fusion heat, to make it more sensitive in describing chlorine distribution along 
the polymer chains. Figure 3.9 is a plot of the reduced fusion heat versus 
chlorine content for CPEs prepared under different conditions. A significant 
influence of chlorination method and temperature can be observed on the 
reduced fusion heat of samples with similar chlorine content. In suspension 
chlorination, the initial attack of chlorine occurs in the amorphous regions 
including adjacent crystalline surfaces [84-86]. Further chlorination can occur 
by penetration of chlorine through the chlorinated surfaces with attack on the 
densely packed chains in the crystal. Figure 3.10 is DSC thermogram of 
HDPE. A melting peak and a secondary transition can be observed at 131 
and 86 °C, respectively. The secondary transition at a temperature close to 
the melting point is referred to as a transition temperature for crystalline
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Figure 3.8 DSC thermogram of CPE
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Figure 3.10 DSC thermogram of HDPE
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polymers. This transition has been attributed to torsional and translational 
motion of crystalline chain segments coupled with motion of the surface [87- 
89]. Therefore, the accessibility of chains within the crystalline regions in 
HDPE will increase around this temperature. The mobility of the crystalline 
segments will continue to increase as the temperature is raised until the 
melting point is reached. The enhanced mobility results in easier chlorine 
penetration into the crystalline regimes and a more random chlorination 
results.
One of the improvements that the chlorinated polyethylene renders 
over its parent polyethylene is higher impact resistance or higher stress 
relaxation capability. Measurement of dynamic moduli of materials as a 
function of temperature and frequency is a sensitive method for elucidating 
the molecular mechanisms which cause the relaxation process. Molded 
polymer bars, 20 x 9.495 x 1.0 mm (I x w x t) were mounted in a Seiko DMS 
110; each sample was run in bending mode at cooling rate of 1 °C/min at 
single frequency. The Tg was identified as the temperature corresponding to 
the maxima of loss modulus E" at each frequency. If the Tg is plotted against 
corresponding frequency based on an Arrhenius equation, an activation 
energy for the relaxation process can be computed. The activation energy is 
an energy barrier separating two set conformations which are in equilibrium 
during a relaxation process, the height of the barrier determining the 
temperature dependency of wiggling rate. Table 3.1 lists activation energies 
of some CPE samples prepared from solution chlorination. The activation 
energy of LDPE is also included as a reference for the parent polyethylene. 
One can see that the activation energy increases with the increase of chlorine 
content up to fifteen percent due to the increase of polarity of the molecule 
chain, further increasing chlorine content to twenty-one percent did not affect
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the activation energy value. The data also shows that the chlorinated 
segments are those response during the relaxation process.
Table 3.1 Activation Energies of Some CPE Samples Prepared from Solution
Chlorination
Polymer sample Activation energy (kcal/mol)
CPE/9% Cl 14.8
CPE/15% Cl 17.9
CPE/21 % Cl 17.7
LDPE 9.9
3.3.2 Modification of Polyethylene by Grafting of Maleic Anhydride
Figure 3.11 is a infrared spectrum of maleated polyethylene prepared 
in the presence of dicumyl peroxide at 150 °C for four hours, where the 
absorptions at 1862 and 1785 cm-1 are characteristic bands of a saturated 
ring anhydride, 1225 cm-1 is from the carbonyl group, and bands of 1064 and 
1921 cm-1 are the result of stretching vibration of C-O-C in anhydride. For a 
comparison infrared spectrum of the parent polyethylene is also shown. In 
order to confirm the grafting, the sample was put in a solution of potassium 
hydroxide in isopropanol for twenty four hours and vacuum dried, the FTIR 
spectrum of the resulting compound (figure 3.12 ) shows the 1713 cm_1 band 
from carboxylic acid and the 1569 cm-1 band from carboxylic acid salt in the 
absence of the 1862 and 1785 cm-1 bands from succinic anhydride, which 
means that the anhydride group is indeed chemically bonded on the polymer 
chain. Surprisingly, when the sample was put in hot water (80-90 °C) for 
twenty four hours, the anhydride group was almost intact (figure 3.13 ). The 
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Figure 3.11 Infrared spectra of a maleic anhydride grafted polyethylene and 
the parent polyethylene
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Figure 3.13 Infrared spectrum of a maleic anhydride grafted polyethylene 
treated with water at 80 °C for twenty four hours
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The maleation of polyethylene in the presence of free radical initiator 
with or without triethyl phosphate (TEPA) as an additive was studied in an 
effort to understand the reaction mechanism. Infrared spectra of maleated 
polyethylene with or without the addition of TEPA are shown in figure 3.14 and 
figure 3.15, respectively. Their maleation extents were estimated by 
combining proton NMR and infrared spectroscopy. The ratio of areas of band 
at 720 cm--' to bands at 1862 and 1785 cm-’' can be interpreted as an 
indicator of relative average length of methylene segments of the maleated 
polyethylene. Figure 3.16 is the plot of the area ratio against maleic 
anhydride content of maleated polyethylene with or without addition of TEPA. 
One can see that the maleated polyethylene without addition of TEPA has 
longer methylene segment length than maleated polyethylene with addition of 
TEPA when they have the same maleic anhydride contents. Their melting 
points and melting enthalpy values measured with DSC also show the same 
trend (figure 3.17).
It has been, from previous work, believed [76] that succinic anhydride 
rings are individually attached to the polyethylene chain during the maleation 
in the presence of a free radical precursor. In another word, succinic 
anhydride radicals will undergo chain transfer to polyethylene or other species 
present in the reaction system rather than addition to maleic anhydride. Our 
proton NMR spectra of the maleated polyethylene also support the above 
conclusion, since the grafted polyethylene showed little signal in the region of 
4 to 5 ppm where poly(maleic anhydride) has the resonance signal. The 
reason behind this is probably due to the low ceiling temperature of maleic 
anhydride polymerization. Kellou and Jenner [90] have shown that the rate of 
homopolymerization of maleic anhydride in benzene increases with 
temperature below 90 °C but falls off rapidly in the 100-135 °C region, and
70
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Figure 3.14 Infrared spectra of maleated polyethylene without the addition of 
TEPA. Maleic anhydride content in Wt%: A: 1.9, B: 3.3, C: 6.3, D: 13.6.
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Figure 3.15 Infrared spectra of maleated polyethylene with the addition of 
TEPA. Maleic anhydride content in Wt%: A: 2.8, B: 6.2, C: 13.
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Figure 3.16 Plot of the area ratio against maleic anhydride content of 






































□  A D
□ Maleation without TEPA 
a  Maleation with TEPA
□
□ Maleation without TEPA 




0 3 T  9 12
Anhydride %
Figure 3.17 Melting points and melting enthalpy values measured 
with DSC aganist maleic anhydride content of maleated polyethylene 
with or without addition of TEPA
15
73
they found the enthalpy, AH, and entropy, AS, change for propagation of this 
polymerization is estimated to be only about -14 kcal/mol and - 30-35 kcal/K 
mol. Experimental value of the ceiling temperature is approximately 150 °C, 
which is low for the reported entropy value.
K. E. Russell et. al. [91] used eicosane as a model compound to study 
grafting of maleic anhydride to hydrocarbon substrates. In their experiments, 
the concentration of maleic anhydride in eicosane was only eight mole percent 
(the maximum concentration for a homogeneous solution), while the number 
of grafts per eicosane molecule was 4.5, which suggests that an 
intramolecular reaction is important in hydrogen abstraction. N. G. Gaylord 
found that [92] some nitrogen, phosphorous, or sulfur-containing compounds 
can prevent the crosslinking in free radical initiated of maleation of 
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the free radical from scission of the initiator (1) forms a radical site on the 
polymer chain by hydrogen abstraction (2), the anhydride grafts are produced 
through addition of the macroradicals to maleic anhydride molecules (3), and 
the succinic anhydride free radicals abstract hydrogen from the same polymer 
chain, i. e., intramolecular abstraction, probably due to a conformational 
preference (4). The new radical site may be several carbons apart from the 
initiating site, which obviously will result an non-uniform distribution of the 
anhydride grafts along the polymer chain (5). When TEPA is present, it may 
interact with the succinic anhydride free radicals formed in step (3) to make 
them inactive, and steps (4) and (5) will not occur. Therefore, the anhydride
75
2000 1600 1200 
Wavenumber cm'1
800
Figure 3.18 Infrared spectrum of the maleated polyethylene from reactive 
extrusion
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grafts are formed through the addition to macroradical sites randomly 
produced, which in turn results in more random distribution of the anhydride 
grafts.
Figure 3.18 is infrared spectrum of the maleated polyethylene from 
reactive extrusion. The maleation extent is 3.8% (wt.). Unfortunately, these 
experiments were not carried out further due to inadequate ventilation. The 
maleic anhydride fumes from the extruder could not be exhausted from the 
laboratory.
3.3.3 Copolymerization of Maleic Anhydride and Aliphatic Alpha Olefins
A schematic diagram of copolymers of maleic anhydride and aliphatic 
alpha olefins is shown below. The alternative copolymerization is expected to 
produce a comb shaped polymer.
Proton NMR spectrum of the copolymer is shown in figure 3.19 which is 
similar to that of anhydride grafted polyethylene, showing the substituted 
succinic anhydride resonance in the 2.5-3.7 ppm region. The molecule 
weights of the copolymers were measured by mass spectrometry. Table 3.2 
shows the relationship between reactants feed ratio and the resulting 
copolymer composition for various alpha olefins, where the reactants are 
maleic anhydride and various aliphatic alpha olefins having eight carbon
TT T T T T
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PPM
Figure 3.19 Proton nmr spectrum of the copolymer of maleic anhydride and 
aliphatic alpha olefine -vl
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atoms to eighteen carbon atoms per molecule, the feed ratio given is in mole 
ratios, and the copolymer compositions are expressed as the number of 
carbon atoms from the olefin per anhydride group along the polymer chain. It 
can be seen that concentrations of the anhydride on the copolymer chains are 
always lower than that in the reactant feed. When the feeding ratio is two to 
one (olefin:anhydride), the composition is basically one anhydride molecule to 
one olefin molecule. At higher olefin/anhydride feeding ratio (5:1), 
octadecene-1 which has eighteen carbon atoms forms a copolymer with a 
composition of 2.3 olefin molecules to one anhydride molecule, while the 
olefins having eight and twelve carbon atoms still alternate with maleic 
anhydride molecule in about one to one ratio. In one experiment, the overall 
olefin/anhydride feeding ratio was ultimately 5:1, but maleic anhydride was 
added in four aliquots; the olefin/anhydride ratio in the resulting copolymer is 
still less than two. When more than one olefin were fed into the 
copolymerization, the resulting composition indicate that long chain alpha 
olefins were incorporated more readily into the copolymers than short chain 
olefins, as the data in table 3.3 show.
Melting points of the copolymers measured by DSC in a temperature 
range from -75 °C to 100 °C are also listed in tables 3.2 and 3.3. Although all 
the copolymers prepared are solids at room temperature, only those 
copolymers prepared from hexadecene-1 and octadecene-1 showed a 
endothermic melting peak in the temperature range (table 3.2). Obviously, 
their melting temperatures are much lower than that of poly(hexadecene-l),
71 °C, and that of poly(octadecene-l), 80 °C [93], In addition, the melting 
points of the copolymers from hexadecene-1 and octadecene-1 are lower than 
their corresponding parent olefins, which are 7 °C and 19 °C respectively. 
When the number of carbon atoms from the olefin per anhydride group along
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Table 3.2 The Relationship between Reactants Feed Ratio and the Resulting 
Copolymer Composition for Various Alpha Olefins, and Melting Point of the
Copolymers






Dodecene-1 2: 1 Anhydride/12 —
Tetradecene-1 2 : 1 Anhydride/14 —
Hexadecene-1 2 : 1 Anhydride/16 -30
Octadecene-1 2 : 1 Anhydride/17 -18
Octacene-1 5 : 1 Anhydride/10 —
Dodecene-1 5 : 1 Anhydride/12 —
Octadecene-1 5 : 1
5 : 1 ,  (anhydride added
Anhydride/42 9
Dodecene-1 in four aliquots) Anhydride/20
Table 3.3 The Relationship between Reactants Feed Ratio and the Resulting 
Copolymer Composition for Various Alpha Olefins, and Melting Points of the 
Copolymers When More Than One Olefins were Fed







/Hexadecene-1 2 : 2 : 1 Anhydride/29 -6
Octadecene-1
/Dodecene-1
2 : 2 : 1 ,  (anhydride 
added in four aliquots) Anhydride/29 -8
Dodecene-1
/Octacene-1
2 : 2 : 1 ,  (anhydride 
added in four aliquots) Anhydride/11 —
Octadecene-1
/Hexadecene-1 1 : 1 : 1 : 1 Anhydride/20 -20
/Dodecene-1
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the polymer chain increased from seventeen to forty-two, the melting point 
rises from -18 °C to 9 °C. The reason behind this could be that the anhydride 
groups incorporated in the backbone of the copolymer prevent the alkyl side 
chain from packing to form extended chain crystals. This observation of side 
chain crystallization is consistent with the proposed alternating copolymer 
structure or a structure which is very close to that, when the composition ratio 
is one to one. The melting point data may also be taken as a supporting 
evidence that terpolymers can be prepared when two different olefins are fed 
in the copolymerization.
Molecular weights of several copolymer samples were measured to 
compare the effect of copolymerization conditions on the molecular weight. 
The results show that octadecene-1/maleic anhydride copolymer with feeding 
ratio of five to one has the same molecular weight as dodecene-1/maleic 
anhydride copolymer with feed ratio of two to one, which is about 1,000, while 
the dodecene-1/maleic anhydride copolymer with the anhydride fed in four 
aliquots has a molecular weight of about 2,800.
3.4 Summary
Microstructure and morphology of CPE prepared in suspension at 70, 
80, 90, 100 °C  and in solution were characterized by FTIR, NMR and DSC. 
The results show that, in the temperature range of this study, elevating the 
reaction temperature will increase randomness of chlorine distribution on 
chlorinated high density polyethylenes due to a premelting transition 
phenomenon exhibited by crystalline polymers. In another words, proper 
temperature control can enable one to adjust both microstructure and 
morphology of CPE. Activation energy for glass transition relaxation of the 
chlorinated polyethylene increases with the increase of chlorine content up to 
fifteen percent due to the increase of polarity of the molecule chain.
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Maleic anhydride grafted polyethylenes were synthesized through both 
solution and melting reactions in the presence of free radical initiators. The 
products were characterized with Fourier transform infrared spectroscopy, 
proton nuclear magnetic resonance spectroscopy and differential scanning 
calorimetry. It was found that addition of triethyl phosphate affects the 
distribution of anhydride pedant group along the polymer molecular chain.
Copolymers of maleic anhydride and aliphatic alpha olefins with carbon 
atom numbers from eight to eighteen were prepared and characterized. 
Among the alpha olefins used in this research, the olefin having more carbon 
atoms will have higher ratio in the copolymer composition when the feeding 
ratio is higher than two (olefin : maleic anhydride). The copolymers probably 
have an alternating or close to alternating structure.
CHAPTER 4 MODIFICATION OF ASPHALT WITH THE POLYMER 
MODIFIERS: COMPATIBILITY, RHEOLOGY AND MORPHOLOGY STUDY
4.1 Introduction
Unlike engineers who focus their attention on correlations between 
macroscopic properties and specifications or performances of a material, we 
are interested in microscopic behavior of systems. Correlating the 
macroscopic properties and performances exhibited by a material has been a 
long-term unsolved problem, because many standard physical tests have 
failed to predict field performance effectively [94, 95]. Understanding 
microscopic behavior will be a key to solve the problem.
One of the most important physical properties of a blend of asphalt- 
polymer is its compatibility. Poor miscibility will undoubtedly cause the system 
to fail as phase separation occurs, however, a completely miscible system 
may not possess desired properties to reinforce the composite. A highly 
successful product should have a three dimensional co-continuous network 
structure even at a low concentration of minor phase. The three- 
dimensionality allows the blend to show the best performance of each 
component simultaneously [96], Due to the complexity of components present 
in asphalts, the selection of a polymer additive is expected not only to be 
related to compatibility of asphalt and polymer but also to affect the dispersion 
of individual components of asphalts.
Although some physical properties of polymer modified asphalts are 
exceptional when compared with conventional asphalts, one study has 
showed [97] that the exceptional performances of the polymer modified 
asphalts in tests such as low-temperature ductility, toughness-tenacity, 
temperature susceptibility and force ductility do not correlate with exceptional 
performance of the modified binders in mixes. Such tests may characterize
82
83
modified binders, but they do not indicate improved performance in asphalt 
concretes mixes. It has been found that properties related to fundamental 
viscoelastic behavior at small strain values show better correlation with, and 
help to explain the behavior of the binders in asphalt concrete [63], The logical 
reason behind this is that loading on asphalt mix pavement is a dynamic 
process. For example, when a passenger car runs on highway at sixty five 
miles per hour, the contact time between road surface and the tires can be 
less than 0.01 second. That is equivalent to a frequency of sinusoidal 
oscillation higher than 50 Hz. Physical properties, e.g., stiffness modulus, of 
pavement materials are highly dependent on frequency, which, in turn, is a 
function of the speed of vehicle (loading time) [98]. Simply put, dynamic 
analysis allows one to fingerprint the viscous and the elastic nature of asphalt 
over a wide range of temperatures and loading times.
In this chapter, thermal analysis and dynamic mechanical analysis 
techniques, such as, DSC, DMS and TMA, will be employed to characterize 
the polymer modified asphalts. The reinforcement effect and morphology of 
these blends will be discussed.
4.2 Results and Discussion
4.2.1 Morphology of Asphalt Polymer Blends
The term morphology is used to describe the various levels of structural 
organizations, such as, molecular, supramolecular and macroscopic, 
displayed by polymers. When chemical structure of constituent components in 
a polymer or polymer blends is determined, the morphology will be the most 
important factor to affect their ultimate properties. In this section, morphology 
of ACE-polymer blends will be discussed in terms of the configurations of 
phases coexistent in the blends.
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4.2.1.1 Compatibility Analysis by DSC Thermograms
The thermal behavior of asphalts is complex, and depends on their 
sources, methods by which they are manufactured and thermal history. For 
example, the DSC curve of ACE as shown in figure 4.1 indicates that there 
are three transition temperatures (Tr) at -42 °C, -10 °C and 43 °C, and one 
melting peak at 28 °C. In order to facilitate discussion, these transition 
temperatures and their correspondence in ACE-polymer blends to be 
mentioned below are identified as Tr1, Tr2 and Tr3, respectively. Figure 4.2 
shows a DSC thermogram of CPEC. Two transition temperatures at -15 °C 
and 80 °C, and one melting peak at 106 °C can be seen. The following 
thermal effects can be observed in the DSC thermogram of mixture of CPEC 
with ACE (20/80, w/w) (figure 4.3) as compared to Figure 4.1 and 4.2: (i) Tr1 
at -43 °C  remain unchanged, (ii) a new Tr is observed at -13 °C intermediate 
to the Tr2 for ACE at -10 °C and -15 °C for CPEC, (iii) the melting peak for 
ACE and the 80 °C Tr for CPEC disappears, leaving a stronger Tr of 42 °C, 
(iv) the melting peak for CPEC at 106 °C is lowered to 95 °C.
Figures 4.4 and 4.5 are DSC curves of ACE-HDPE blends. It can be 
seen that (i) Tr1 is broadened as the concentration of HDPE is increased, (ii) 
the Tr2 at -10 and -8 °C at 10 and 20 percent HDPE diminishes and 
disappears at 30 percent HDPE, (iii) the Tr3 transition is weak in blends and 
the melting peak of ACE cannot be seen in all blends, (iv) the melting peak of 
HDPE shifts down with increasing concentrations of HDPE (figure 4.5).
Figures 4.6 and 4.7 are DSC curves of ACE-CPEA blends, which 
shows that the Tr1 is broadened with increasing of concentration of CPEA, 
and the Tr2 moves down to -13 °C at 10 percent CPEA, up to -5.9 °C at 20 
percent and then merges with Tr1 at 30 percent. It also can been seen that 
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Figure 4.1 DSC thermogram of ACE.
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Figure 4.4 DSC thermogram of ACE/HDPE blends with varied weight ratio. A-
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Figure 4.5 DSC thermogram of ACE/HDPE blends with varied weight ratio. A- 
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Figure 4.6 DSC thermogram of ACE/CPEA blends with varied weight ratio. A-
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Figure 4.7 DSC thermogram of ACE/CPEA blends with varied weight ratio. A- 
-100/0, B—90/10, C—80/20, E-70/30, F-0/100.
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melting peak of ACE disappears in all blends, and the melting peak of CPEA 
moves down with increasing concentration of the polymer (figure 4.7). There is 
a transition at 80 °C in the DSC curve of CPEA, in addition to the melting peak 
at 125 °C.
Figures 4.8 and 4.9 are DSC curves of ACE-CPEB blends. The Tr1 is 
slightly broadened with increasing concentration of CPEB. The Tr2 are -13, - 
10 and -12 °C at 10, 20 and 30 percent, respectively. The melting peak of 
ACE cannot be seen in any of the blends and the Tr3 transition remains 
unchanged. The melting peak of CPEB moves down in each of the blends 
(figure 4.9). CPEB curve exhibits transitions at -14, 38 and 73 °C (figure 4.8), 
and melting peak at 114 °C (figure 4.9).
Figure 4.10 are DSC curves of ACE-CPEC blends. The Tr1 was 
unchanged. The Tr2 was -12, -13 and -11 °C at 10, 20 and 30 percent, 
respectively. The melting peak of ACE cannot be seen in all blends, but the 
Tr3 transition become stronger when polymer concentration increased. The 
melting peak of CPEC moved down with the concentration of CPEC. CPEC 
curve shows transitions at -15 and 80 °C, and melting peak at 106 °C.
The multiple transitions observed in the DSC thermogram of ACE 
(figure 4.1) shows that ACE, as most asphalts, is a heterogeneous rather than 
a homogeneous system. It has been found that saturates and aromatics make 
the main contributions to thermal effects observed in DSC thermogram of 
asphalts [59]. Our DSC results also showed that after the asphaltenes were 
removed from ACE, all three of transition temperatures decreased, which 
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Figure 4.8 DSC thermogram of ACE/CPEB blends with varied weight ratio. A- 
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Figure 4.9 DSC thermogram of ACE/CPEB blends with varied weight ratio. A-
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Figure 4.10 DSC thermogram of ACE/CPEC blends with varied weight ratio. 
A—100/0, B-90/10, C-80/20, E-70/30, F-0/100.
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As mentioned above, all melting peaks from polymers moved toward to 
low temperatures as polymer concentration decreases in the ACE polymer 
blends. This so-called melting point depression phenomenon indicates that 
there are interactions between the polymers and ACE, and the magnitude of 
the melting point depression indicates the extent of the interactions. When 
polymer and asphalt are miscible to any extent, crystals of the polymer will be 
in equilibrium with a mixed amorphous phase. In this case, according to 
thermodynamic theory, the melting point will be lower than when the 
equilibrium is with a pure amorphous phase of the same component 
comprising the crystals [99], The component in equilibrium with polymer 
crystallites is probably derived from the saturates of ACE, since the crystallites 
are also composed of hydrocarbon chains. There are sufficient quantities of 
saturates in AC-10 to plasticize low concentrations of polymer; however as the 
concentration of polymer is increased beyond 10% the saturates are 
completely extracted and the relative concentration of the plasticizer 
decreases. Thus, the reduction in the melting point depression as the 
polymer concentration increases confirms the complete extraction of asphalt 
components into the polymer phase. These results suggest that high 
concentrations of any polymer additive will be disrupt the compatibility of the 
asphalt mixture.
The transitions of ACE become broad or weak as the concentration of 
HDPE increases, and Tr2 and Tr3 simply disappeared at 30 percent HDPE. In 
contrast, transitions of ACE become stronger when concentration of CPEC 
increases. CPEA and CPEB exhibit intermediate properties. This may be 
interpreted as HDPE selective interactions with a saturate component of ACE 
and extracts it from the asphalt. Introduction of chlorine atoms onto the 
polymer chain can adjust the interaction parameters to reduce single
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component extraction, which will make it possible to keep the delicate 
equilibrium among components of asphalt.
The fusion heat from DSC data for ACE-HDPE indicates that most of 
HDPE crystallinity remains intact in the blend, the melting point depression, on 
the other hand, reveals that part of saturated aliphatic oil was extracted from 
asphalt phase into HDPE phase. Since the saturated component usually 
represents only a small part in asphalt, the HDPE phase may be just slightly 
swollen. A brief morphologic description of ACE-HDPE blend, therefore, will 
be that the swollen HDPE particles disperse among continuous asphalt 
phase.
4.2.1.2 Characterization of Polymer Dispersion by Epifluorescence 
Microscopy
It has been reported [100, 101] that asphalt polymer blends prepared 
by physical mixing of constituents are generally two phase systems, which can 
be observed with optical or electron microscopy. In many cases, the phase 
dimension in polymer modified asphalt is large enough to be observed under 
an optical microscope. Reflection optical microscopy allows the observation 
of the material in the intact state. However, it provides only a very superficial 
view of the phase structure. By far the most valuable method is fluorescent 
microscopy, where the blend is illuminated with an exciting ultraviolet light,
The polymer phase or polymer enriched phase reemits a yellow light whereas 
the asphalt phase does not give rise to observable fluorescence.[119] Figure 
4.11 shows the epifluorescence microscopy images of HDPE-ACE BLENDS 
and CPEC-ACE blends, respectively, which confirm previous reports that 
there are basically two phases existent in asphalt-polymer blends, an 
continuous asphalt rich phase and a polymer rich phase. The dispersed 
polymer rich phases are expected to improve the toughness of brittle asphalt
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Figure 4.11 The epifluorescence microscopy images: 5% HDPE-ACE, (b) 5%
CPEC-ACE, (c) 10% HDPE-ACE, (d) 10% CPEC-ACE blends
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at low temperature and reinforce asphalt at high temperatures [102, 103]. The 
CPE rich phase is larger than the HDPE rich phase in asphalt blends 
prepared under comparable conditions indicating that a higher percentage of 
the asphalt components have been absorbed in the polymer phase. Samples 
containing 10 wt% CPEC exhibit bicontinuous phase morphology; the phase 
transformation is accompanied by a marked increase in viscosity. Blends with 
10 wt% HDPE retain the polymer droplets in an asphalt continuous phase.
The enhanced compatibility of CPE in asphalt can be attributed to a 
change in the polymer polarity as well as changes in morphology stemming 
from the reduced crystallinity. In crystalline polymers like HDPE, interaction 
with solvents and reagents is limited to the readily accessible amorphous 
regions. In HDPE, these regions are composed of -CH2 - segments more 
compatible with the saturates in asphalt. One would expect selective 
extraction of the saturates from the asphalt matrix by HDPE; this process 
would disrupt the balance of components in asphalt mixtures and promote 
phase separation. Although chlorination of HDPE was conducted in solution, 
analysis of the chlorine distribution in the chains indicates that chlorination is 
not perfectly random. Runs of unreacted methylene groups that can 
crystallize remain. Chlorinated methylene groups do not enter the crystallites 
so the amorphous region contains a higher chlorine content than that 
measured in bulk samples. Thus, the amorphous regions are substantially 
more polar, and the presence of chlorine atoms on the polyolefin chain will 
improve the compatibility of the polymer with aromatic components and 
functional groups containing heteroatoms, such as, N, S, O, in asphalt. The 
polar components of asphalt would have a greater affinity for the amorphous 
regions of CPE and one would expect a corresponding increase in the 
compatibility of these polymers with asphalt. It was reported [104-107] that
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the CH2 /COO ratio was important to miscibility of blends prepared from a 
series of aliphatic polyester with polyvinylchloride. Introduction of chlorine 
adjusts the interaction parameters to reduce single component extraction thus 
the delicate equilibrium among the asphalt components is maintained.
It is believed that anhydride groups pendant on polymer chain can 
react with active hydrogen containing groups such as carboxylic acid, hydroxyl 
and amine, present in asphalt, to form chemical bonds between polymers and 
asphalt constituents, which in turn will enhance the compatibility dramatically. 
Figure 4.12 is the epifluorescence microscopy images of HDPE-ACD, LDPE- 
ACD, CPED-ACD, CPEC-ACD and a maleated polyethylene (anhydride 
content: 2.8%). Once again, one can see that CPE phases are more 
dispersed than polyethylene phases. The maleic anhydride-grafted- 
polyethylene phase is so well dispersed that it is almost unobservable with 
even higher magnification (figure 4.12). The maleic anhydride-grafted- 
polyethylene is believed to be chemically bonded to asphalt molecules 
through reactions schematically shown below.
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Figure 4.12 The epifluorescence microscopy images: (a) 5% HDPE-ACD, (b) 
5% LDPE-ACD, (c) 5% CPED-ACD, (d) 5% CPEC-ACD, (c) 5% a maleated 









Figure 4.13 Infrared spectra of ACD (A), a maleated polyethylene (anhydride 
content: 2.8%) (B) and their blend (C)
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The supporting evidence is from infrared spectroscopy analysis as 
shown in figure 4.13, where a band at 1700 cm-1 corresponding to ester 
carbonyl is observed. Further the anhydride carbonyl bands in the polymer 
spectrum at 1786 and 1825 cm-1 have disappeared in the spectrum of the 
blend as a result of the reaction with asphalt components.
4.2.1.3 Dynamic Rheology Behavior of Asphalt Polymer Blends
Rheological measurements under oscillating conditions yield the 
dynamic mechanical properties of polymers, i.e. the storage modulus, G', the 
loss modulus, G", and a mechanical damping or internal friction, tan 5. The 
storage modulus reflects the internal stiffness of a material under dynamic 
loading conditions; the corresponding stress response is in phase with the 
applied strain. The loss modulus is the viscous, damped response of the 
material; the corresponding stress is out of phase with the applied stain. This 
phase lag results from the time necessary for molecular rearrangements and 
is associated with relaxation phenomena. In studies of the response of a 
material to vibrational forces, stress, strain, frequency and temperature are 
the key variables. When a material is subjected to cyclical stress under 
conditions analogous to those encountered in the intended applications, the 
data reflect both short-term and long-term responses to the stress conditions. 
If time-temperature superposition can be applied, dynamic data obtained at 
short time intervals at high temperature can be transformed to yield long 
loading time data relevant to thermal cracking.
According to a temperature-time superposition principle [108, 109], the 
data obtained at higher and lower temperatures can be equated simply and 
graphically with lower and higher frequencies, respectively. Conversely data 
obtained at higher and lower frequency can be transposed into lower and
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higher temperatures, respectively. This can be simply expressed 
mathematically as the following:
G(f1,T1 ) = G(f2, T2 )  
where, G represents a mechanical property, f and T are frequency and 
temperature.
An example of temperature-time superposition is given in figures 4.14. 
The figure shows the actual data points obtained over a range of 
temperatures and frequencies. By applying the superposition principle, each 
data set obtained at temperature range of 30 to 60 °C, using a reference 
temperature of 40 °C, can be shifted along the time axis to form a smooth 
curve that is usually called as master curve. The degree to which succeeding 
curves must be shifted to form a master curve is referred to as shift factor, a j.  
Using the same a j  and reference temperature as used in G', a master curve 
of G" also can be constructed (figure 4.15). From a similar procedure, a 
master curve against temperature also can be constructed [97, 110] as shown 
in figures 4.16 and 4.17. Many researchers have applied the superposition 
principle to asphalt or asphalt concrete [97, 111-113], The superposition 
principle represents a powerful and convenient tool for evaluating dynamic 
loading data, which will help predict physical properties over wider range 
where direct measurements cannot be done due to instrumentation or sample 
limitations.
If master curves of G' and G" for a polymer blend can be constructed 
with only one set horizontal shift factor, a j, this indicates that the same 
relaxation mechanism in G' and G" applies for both polymers, which leads to 
the conclusion of blend miscibility [96]. For an ACE-polymer blend, this may 
show that the blend is a thermorheologically simple system in the temperature
101
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Figure 4.14 G' master curve against reduced frequency for ACE-HDPE. 
Reference temperature: 40°C.
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Figure 4.16 G' master curve against reduced temperature for ACE-HDPE. 














Figure 4.17 G" master curve against temperature for ACE-HDPE. Reference 
frequency: 20 Hz.
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or frequency range. When amorphous CPEs were added, the horizontal shift 
was not as smooth as the others but fairly good (figure 4.18), therefore, a 
"pseudomaster curve" can be constructed. This rheological information may 
imply that the polymer phase is big enough to reflect its relaxation 
mechanism. The reference temperature is 40 °C for master curves against 
frequency and the reference frequency is 20 Hz for master curves against 
temperature, unless otherwise mentioned.
In dynamic mechanic analysis, storage modulus, G', and loss factor, 
Tan5, are two properties directly related to elasticity of the material under 
study. The maximum stored energy for an elastic Hookeian solid equals 0.5* 
G'*y2 Therefore, G' is a direct reflection of absolute elastic strength of 
material for the same strain amplitude. Figures 4.19 - 4.23 indicate that 
storage modulus, G', of polymer modified asphalt behaves similar to the 
absolute values of complex modulus, G*. Firstly, G1 of polymer modified ACE 
is higher than that of ACE over the whole temperature range. Secondly, G's of 
ACE-CPE blends are lower than that of ACE-HDPE in the low temperature 
region and higher in the high temperature region, i.e., the CPE blends are less 
temperature sensitive. Thirdly, G' of the homogeneously chlorinated 
polyethylene containing blends decreases with increasing chlorine content in 
the low temperature area and increases in the high temperature area (figures 
4.19 and 4.20). Fourthly, G' of the heterogeneous chlorinated polyethylene 
containing blends with low chlorine content, AC-CPEE, behaves very close to 
AC-HDPE at the low temperature region ( figure 4.21), while G' of the 
heterogeneous chlorinated polyethylene containing blends with moderate 
chlorine content, ACE-CPEF, behaves very close to its homogeneously
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Figure 4.18 G' master curve against temperature for ACE-CPED. Reference 
frequency: 20 Hz.
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Figure 4.19 Plot of logG' versus temperature for ACE, ACE-HDPE and the
homogeneously prepared CPE containing blends.
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Figure 4.20 Plot of logG' versus temperature for ACE, ACE-HDPE and the 
homogeneously prepared CPE containing blends.
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Figure 4.21 Plot of logG' versus temperature for ACE, ACE-HDPE and the
pair A (ACE-CPEB and ACE-CPEE).
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Figure 4.22 Plot of logG' versus temperature for ACE, ACE-HDPE and the 
pair B (ACE-CPEC and ACE-CPEF).
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Figure 4.23 Plot of logG' versus temperature for ACE, ACE-HDPE and ACE-
CPED with and without 1% MAH
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prepared counterpart, ACE-CPEC, at the low temperature region ( figure 
4.22). In the high temperature region, G's of ACE-CPEE and ACE-CPEF are 
lower than their homogeneously prepared counterparts (figures 4.21 and 
4.22 ). Finally, adding MHA into ACE-CPED can increase G' over the whole 
temperature range with more significant increases in the high temperature 
region ( figure 4.23).
TanS of viscoelastic material is a ratio of dissipated energy in its 
viscous component to stored energy in its elastic component in a cyclic 
deformation. It seems, therefore, that the more elastic, the smaller the tan8. 
This is only true when the temperature is above glass transition temperature 
of material and close to its softening point, and also when the material is not 
crosslinked. Under these circumstances, the energy is dissipated through 
slippage of the whole molecular chain, which in turn leads to permanent 
deformation. Asphalts and polymer modified asphalts are not three 
dimensionaily crosslinked materials, and the experimental temperature range 
in this study is also close to the softening point of the materials, hence, tanS 
can be used to indicate relative elasticity or the contribution of elastic 
component to strength of the asphalt-polymer blends. Figure 4.24 shows the 
contribution of elastic component increases with chlorine content for blends of 
ACE and homogeneously prepared CPEs. tanS's of the two blends of pair A 
are quite close, but, in pair B, tan8 of ACE-CPEC containing homogeneously 
prepared CPE is considerably lower than that of ACE-CPEF containing 
heterogeneously prepared CPE (figure 4.25). The adding of MHA into ACE- 
CPED also significantly lowered tan8 of the blend (figure 4.26).
It can be found through observation of plots of logG' or logG" against 
temperature that logG' and logG" of the same CPE modified asphalt cross
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Figure 4.24 Plot of tanS versus temperature for ACE, ACE-HDPE and the 
homogeneously prepared CPE containing blends.
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Figure 4.25 Plot of tan5 versus temperature for ACE, ACE-HDPE, the pair A
(ACE-CPEB and ACE-CPEE) and the pair B (ACE-CPEC and ACE-CPEF).
109
ceeee acio
3 A C IO -H D P E  
b A C 1 0 -C P E D  




652 5 3 0 3 5 40 45 5 0 55 60 7 0
T e m p e r a tu r e  °C
Figure 4.26 Plot of tan5 versus temperature for ACE, ACE-HDPE and ACE- 
CPED with and without 1% MAH.
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over logG’ and logG" of ACE-HDPE at different temperatures and, for most, 
logG' crosses over at temperature lower than logG" does. One example is 
shown in figure 4.27. Table 4.1 shows the crossing temperatures logG' and 
logG", as well as the difference between the crossing temperatures, AT, for 
the same blend. It is interesting to see that (1) for the homogeneously 
prepared CPEs containing blends, ACE-CPEC has the lowest crossing 
temperatures for both logG' and logG", however, the AT increases with 
chlorine content, (2) in pair A, crossing temperature of logG' for ACE-CPEE is 
lower than that for ACE-CPEB, but the AT of the latter is greater than the 
former, (3) in pair B, crossing temperatures of logG' are same, but the AT of 
ACE-CPEC is twice as that of ACE-CPEF, (4)both crossing temperatures for 
ACE-CPED were considerably lowered and AT was increased by adding one 
percent MAH. AT can be considered to be related to relative extent of 
variation of elastic part and viscous part, while lowering of the crossing 
temperatures could mean increases in strength of these parts.
In dynamic mechanical experiments with determined sample shape and 
size, temperature and frequency are basic input variables, the fundamental 
output variables are loss angle, 8, and complex modulus, G*, from them all 
dynamic mechanical properties can be calculated. As mentioned above, tan8 
is related to elasticity, and G* is related to dynamic strength. Is there a 
correlation between G* and elasticity. It has long been known that a 
Newtonian fluid on a plot of log(G*) versus logf has a slope of unity and a 
Hookeian solid has a slope of zero [108-114], A viscoelastic material should 
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Figure 4.27 An example for observation of crossing temperature over logG' 
and logG” of ACE-HDPE.
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Table 4.1 The Crossing Temperatures of logG' and logG" of CPE containing 
blends over that of ACE-HDPE, and the Difference
Crossing Crossing
Sample Temp.oflogG' Temp.of logG"
(°C) (OC)
ACE/CPEA 75 75 0
ACE/CPEB 50 57 7
ACE/CPEC 46 54 8
ACE/CPED 55 64 9
ACE/CPEE 45 50 5
ACE/CPEF 46 50 4
ACE/CPED+1%
MHA 45 56 11
this slope is expressed over the range from zero to one. In the following 
discussion, the author will try to derive an expression for the slope, in which 
physical meaning of the slope can be revealed.
G 2 = q h2 + q n2 (1)
where, GH and GN are modulus of the Hookian and Newtonian component,
respectively. Take the logarithm of both sides, then take the derivative of both
sides with respect to logf. We have,
3 jog G « = 1 , 3tog_0„ , a_jog_G» (
3 log /  G,i + G; a log f  a log /
since,
5  lo g  G„ = 0  d lo g  Gn =  J ( 3 )
5  lo g  /  d lo g  /
combine (1), (2) and (3), finally we have:
5  l o g G  *  =  2 (  G ^ )2 ( 4 )
5  lo g  /  ' G
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So, it is shown that the slope is square of ratio of modulus of the Newtonian 
component to the absolute value of complex modulus, which is similar to the 
loss factor tanS in relation to elasticity of viscoelastic material. Figure 4.28 is 
the plot of the slope (d(logG*)/d(logf)) versus log frequency, from which it can 
be seen in comparison with figures 4.24-4.28 that they match very well in 
terms of sequence of relative magnitude.
It is known that, on a molecular basis, the magnitude of G' depends on 
what conformation rearrangements can take place within the period of the 
deformation [109]. One feature revealed by observing plots of logG1 versus 
either temperature or frequency ( figure 4.29) is that the slope of the curve for 
ACE-HDPE is very close to that for ACE. In another words, adding HDPE into 
ACE results in a parallel shift of the logG' curves toward high temperature or 
low frequency. This may be explained by the brief morphological model 
revealed by epifluorescence microscopy. The presence of HDPE particles 
results in the development of partially separated regions in the asphalt matrix, 
which are characterized by a lower degree of mobility with respect to a higher 
mobilization region in the bulk asphalt. Another reason that may be 
responsible for both the parallel shift and the slight difference between slopes 
of the two curves is that the selective extraction of mobile saturated 
components by HDPE stiffens the asphalt phase by increasing the 
concentration of aromatic resins and asphaltenes. The dynamic mechanical 
response of ACE-HDPE is mainly from the continuous asphalt phase that is 
indirectly affected by the presence of HDPE.
Compared with that of ACE-HDPE, slopes of logG' curves of ACE-CPE 
blends show differences in varied extents. For homogeneously prepared 
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Figure 4.28 Plot of slope of logG* versus logfay  against logfa-p.
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4.20). If a comparison is made between heterogeneously prepared CPE and 
homogeneously prepared CPE with similar chlorine content, such as, 
respectively in pair A (figure 4.21) and B (figure 4.22), it is found that the 
former behaves closer to ACE-HDPE than the latter. We know that asphalt is 
much more temperature sensitive or frequency sensitive than the polymer 
additives employed. The decreases in these sensitivities may imply that the 
polymer rich phase is more and more directly involved in responding to the 
dynamic mechanical load. A morphological conversion from particle filled 
matrix to three dimensional network may take place in the blends due to the 
variations of chlorine content, distribution, as well as the morphology of the 
resin. The introduction of chlorine atoms enhances compatibility between the 
polymer additives and asphalt, the volume of the polymer rich phase will be 
increased due to improved 'solubility' in the asphalt.
It is well known that asphalt is a non-Newtonian fluid at low temperature 
or high frequency and will be Newtonian at high temperature or low frequency. 
Polymers, however, exhibit non-Newtonian, mostly pseudoplastic, behavior 
under any circumstances except under a theoretical limit where the strain rate 
is infinitively close to zero. The viscosity corresponding to this situation being 
referred to as zero shear viscosity, r|0i which is Newtonian. Viscosity of a 
non-Newtonian fluid usually follows a power law. A power function of complex 
viscosities versus frequency can be written as follow:
r i * ( f )  = m * f n
where, m and n can be constants in certain frequency range. The absolute 
value of the complex viscosities, r| *, are plotted versus frequency for ACE 
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Figure 4.30 Plot of logrf versus frequency for ACE, ACE-HDPE.
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is asymptotically approached for ACE and ACE-HDPE but the latter 
approaches at lower frequency than the former. ACE-CPE blends show 
pseudoplastic characteristics in varied extent in the frequency range, 
basically, complex viscosities of amorphous CPE containing blends are less 
frequency sensitive than that of crystalline CPE containing blends (figures 
4.31-4.34).
As shown in figures 4.35, adding one percent MAH into ACE-CPED 
can significantly enhance its non-Newtonian characteristic, besides the 
exceptional reinforcement effect. The formation of a better three dimensional 
network through chemical coupling or crosslinking is believed to be the 
reason, but the detailed chemical process is not yet clear.
4.2.2 Reinforcement of Asphalt by the Polymer Modifiers
The morphological analysis has shown that there are basically two 
phases existent in asphalt-polymer blends, one is an asphalt rich phase and 
another a polymer rich phase. As fact of matter, the hetero-phased systems 
are advantageous from a practical of point of view; the dispersed polymer rich 
phases are expected to improve the toughness of brittle asphalt at low 
temperature or have a reinforcing effect on asphalt at high temperature [115- 
117]. However the melt viscosity of the asphalt mix remains in an acceptable 
range. The reinforcement effect of the polymer modifiers depends on both 
physical properties of the modifier and the compatibility of the modifier and the 
asphalt.
4.2.2.1 Low Temperature Cracking.
The low temperature cracking test is quite sensitive to polymer/asphalt 
interactions. Since asphalt is a rather low molecular weight material, it 
becomes quite brittle at temperatures below its glass transition. In contrast, 
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Figure 4.31 Plot of logri* versus frequency for ACE, ACE-HDPE and the 
homogeneously prepared CPE containing blends.
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Figure 4.32 Plot of logrj* versus frequency for ACE, ACE-HDPE and the 
homogeneously prepared CPE containing blends.
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Figure 4.35 Plot of logri* versus frequency for ACE, ACE-HDPE and ACE- 
CPED with and without 1% MAH.
122
temperatures of the blends. The amorphous regions of these polymers 
remain flexible while the crystalline phases provide tie points to limit chain 
reptation. Thus, these polymers should be effective impact modifiers. 
However, the extent of polymer contribution to blend properties depends upon 
the degree of compatibility with the asphalt matrix.
As can be seen in Table 4.2, the blends do indeed exhibit Tc’s below 
the Tg of pure asphalt measured at the same frequency. We have shown that 
the Tc of pure asphalt falls above the corresponding Tg so the polymer 
component has improved the low temperature properties of the blends. 
Furthermore, CPE modified asphalts have lower Tc’s than HDPE modified 
asphalts as might be expected from a more amorphous polymer with a higher 
degree of interaction with asphalt. The improvement of the low temperature 
cracking resistance is due to the enhanced compatibility of CPE in asphalt 
and its elastomer property.
4.2.2.2 Creep Testing
Figure 4.36 is a TMA test result, which shows that the polymer 
additives can increase creep resistance of ACE. Although the elongations at 
10 minutes for all the ACE polymer blends are the same except that of the 
blend containing five percent CPED and one percent MAH, there are 
considerable differences in the curve shape. The elongation-time plots for 
crystalline polymer containing blends are straight lines (B, C), and the plot of 
CPEB (low crystalline polymer) containing blend is only slightly curved. For 
amorphous or rubbery polymer containing blends, the plots are more curved 
(E, F), which may imply a difference in phase distributions and the formation 
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Figure 4.36 Shear mode creep curves of ACE-polymer blends. A-ACE, B-- 
ACE-HDPE, C-ACE-CPEE, D-ACECPEB, E-ACE-CPED, F--ACE- 
CPED+1% MAH.
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Table 4.2. Glass Transition Temperature (Tg) from E" and Cracking 
Temperature (Tc) of Concerned Asphalts, Polymers and Asphalt-Polymer
Blends
Sample Tg (°C) Tc (°C)
1 Hz 10 Hz 50 Hz
ACE -32.2 -26.6 -22.5 -20
ACD -14.9 -9.9 -4.1 - 5
CPEB -12.7 -7.9 -5.7 ..a
CPEC -15.2 -12.4 -9.4 __a
ACE-HDPE -30.3 -25.0 -20.5 -23
ACE-CPEB -31.9 -26.3 -21.6 -28
ACE-CPEC -31.8 -25.7 -21.4 -31
ACD-HDPE -14.3 -8.5 -3.7 - 7
ACD-CPEB -16.9 -10.8 -6.0 - 8
ACD-CPEC -16.6 -10.4 -6.7 -10
a the test was not conducted.
A long term creep test was conducted with a home made apparatus, 
which applied static stress. The load was 22.4 gram in tensile mode, the 
sample cross section was 1.0 x 0.6 cm2 ancj the testing temperature was 
23.5 °C. The data in the resulting plot (figure 4.37) indicate that there is a 
significant improvement in the creep resistance of polymer blends compared 
to ACE.
A standard ductility test was conducted in a 4 °C water bath with 5 
cm/min pulling rate. Figure 4.38 shows that ACE has a low modulus and 
large elongation. HDPE and CPEE containing blends have high moduli and 
low elongations and CPED containing blends with and without 1 % MAH have 
moderate moduli and high elongation, their stress increasing with the 





Figure 4.37 Tensile mode creep curves of ACE-polymer blends. A-ACE, B-- 
ACE-HDPE, C-ACE-CPEE, D-ACE-CPED, E-ACE-CPED+1% MAH.
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Figure 4.38 Stress versus elongation plot for ACE-polymer blends. A--ACE, 
B-ACE-HDPE, C-ACE-CPEE, D-ACE-CPED, E-ACE-CPED+1% MAH.
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A constant stress creep test was run at 35°C with a Bohlin CS 
rheometer using a cone and plate mode; the stress applied was 590 Pa. The 
tests (figures 4.39, 4.40) illustrate a pronounced difference between HDPE 
and CPE blends. Two different asphalt samples, AC-10 and AC-20 were 
blended with HDPE, semi-crystalline CPEB (8.9 wt% Cl) and amorphous 
CPEC (15.2 wt% Cl). The presence of HDPE did not change the creep 
behavior significantly. The compliance curves observed for the HDPE blends 
parallel those obtained with pure asphalt. However a significant difference in 
the compliance of CPE blends was observed; further one can distinguish 
between the degrees of chlorination in the two CPE samples. These results 
suggest that the more amorphous CPE samples will be more resistant to 
rutting.
4.2.2.3 Creep Recovery
The resiliency of the asphalt blends was evaluated with the constant 
stress rheometer by imposing a stress for a given period of time, then 
releasing the stress and allowing the sample to relax to an equilibrium 
deformation. This test is intended to be analogous to the Resiliency Test 
(ASTM D3883), but it can be run on relatively small samples without requiring 
special sample preparation. The samples were examined under two 
conditions; long term (1000 sec strain imposition) and short term (10 sec 
strain imposition), and the results are summarized in Table 4.3. The creep 
gives an indication of the binder's resistance to deformation and the recovery 
percentage gives an indication of binder's elastic resilience. The short term 
tests probe the sample response under conditions of elastic strain; higher 
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Figure 4.39 Constant stress creep curves at 35 °C.
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Figure 4.40 Constant stress creep curves at 35 °C.
Table 4.3. Summary of Creep-Recovery Tests on Polymer Modified Asphalt at 35°C
Sample Creep @ 
10 sec. 
(milliradians)





ACB 13 25 @ 500 sec. 119 0
ACD 21 13 (a) 500 sec. 207 0
5% LDPE in ACB 0 9 71 @ 500 sec 481.0 2
5% CPEC in ACB 2.7 100 @ 112 sec 45.9 48
5% MGPA in ACB 0.4 100 (a) 28 sec. 5.4 44
5% HDPE in ACD 1.4 51 @ 500 sec. 80.7 5
5% CPEC in ACD 0.7 100 @ 112 sec. 13.7 34
5% CPEC in ACD 
w/MAH in situ
0.53 100 @ 45 sec. 7.9 43
5% LDPE in ACD 0.92 74 @ 500 sec. 47.3 8
2% MGPA in ACD_________ 090______ 83 @ 500 sec._______ 200___________16
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The long term tests examine the samples resistance to creep and the 
interaction of the polymer matrix with the asphalt; pure asphalt samples do not 
exhibit any recovery under these conditions.
Typical plots for long term recovery of polymer asphalt blends are 
shown in figure 4.41 for the modifiers in two asphalts. Note that high density 
polyethylene exhibits very low resistance to creep and very little recovery; thus 
the interaction between HDPE and the asphalt matrix is limited. Modification 
of the polyethylene by either chlorination or maleation reduces the extent of 
creep significantly and a notable recovery is observed. Typical results of short 
term tests are shown in figures 4.42. The elastic recovery of modified 
polyethylene blends is quantitative; pure polyethylene blends develop a 
permanent set. The outstanding creep resistance and recovery capability of 
the ACB sample modified by 5% maleated polyethylene show the effect of the 
improved compatibility between the asphalt and the polymer through chemical 
bonding.
4.2.2.4 Dynamic Strength of Polymer Modified Asphalt
To improve permanent deformation resistance of a material, strength 
and elasticity at higher temperature or lower frequency are two important 
properties to be considered. According to the principle of dynamic mechanical 
analysis, the absolute value of complex modulus, G*, is a direct way to reflect 
relative strengths of materials when a certain deformation is imposed.
Figures 4.43 and 4.44 show the temperature dependence of the 
absolute value of the complex moduli, G*, for ACE, ACE-HDPE and blends of 
ACE and homogeneously chlorinated polyethylene. It can be seen in these 
figures that all ACE-polymer blends have higher complex modulus than ACE; 













5% HDPE in ACD 
2% MGPA in ACD 
5% CPEC in ACD 





5% CPEC in ACB 
5% MGPA in ACB
0.01 -
0 .00  ^ - 1 — I— I— I— 1— I— T— I— 1— j— I— I— I— (— I— I— .— I— .— r
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (second)















5% HDPE in ACD 
2% MAP in ACD 
5% CPEC in ACD 










Torque removed at the 10th second
2.5 -
5% CPEC in ACB 




0 100 200 300 400 500
Time (seconds)
Figure 4.42 Short term creep recovery for 
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Figure 4.43 Plot of logG* versus temperature for ACE, ACE-HDPE and the 
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and generally the higher the chlorine content, the lower the G*, however at 
higher temperatures the relative magnitudes of G* are reversed, Comparing 
slopes of the curves, it can be found that the temperature sensitivity of 
complex modulus decreases with the increasing chlorine content.
Two pairs ACE-CPE blends were selected to investigate the influence 
of chlorine distribution. Pair A is ACE-CPEB and ACE-CPEE, which have low 
chlorine contents, and pair B is ACE-CPEC and ACE-CPEF, which have 
moderate chlorine contents. Among them, CPEB and CPEC are generated 
homogeneously with a random chlorine distribution but CPEE and CPEF are 
prepared heterogeneously with a chain structure similar to block copolymer.
In figures 4.45 and 4.46, temperature dependence of the absolute 
value of the complex moduli, G* of pair A and B are shown, respectively, with 
ACE and ACE-HDPE as references. It is apparent that all ACE-CPE blends 
are less temperature sensitive than ACE-HDPE and ACE, furthermore, ACE- 
CPEB and ACE-CPEC are less temperature sensitive, respectively, than 
ACE-CPEE and ACE-CPEF. At lower temperatures, G* of ACE-CPEE with 
lower chlorine content behaves very similar to ACE-HDPE, but ACE-CPEF 
with moderate chlorine content more similar to ACE-CPEC. At higher 
temperatures, G* of ACE-CPEE is lower than that of ACE-CPEB and ACE- 
CPEF lower than ACE-CPEC.
Maleic anhydride (MAH) was utilized in this study to enhance 
reinforcement of ACE-polymer blends. As can been seen in figure 4.47, 
adding MAH increases G* at higher temperatures and decreases the 
temperature sensitivity quite significantly.
4.2.3 Effect of alpha Olefin Copolymer Additives on Crystallinity of Asphalt
It has been reported that crystallized fraction in asphalt, although 
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Generally, higher crystallinity may result in higher viscosity and stiffness [118], 
as well as higher cracking temperature. No literature reference has been 
found by the author showing any work on reducing crystallinity in asphalt by 
adding additives, but industrial research lab have worked or started working 
on it due to its significance.
High molecular weight polymers are not idea candidates for reducing 
crystallinity in asphalt because the mixing of high molecular weight polymers 
and aliphatic crystallized fraction is not thermodynamically favored. Low 
molecular weight copolymers of maleic anhydride and aliphatic alpha olefins 
were chosen in this project. Figure 4.48 shows the melting enthalpies, 
measured by DSC, of pure asphalt ACB and modified ACB with 5% additives, 
where the x axis value is the code for the samples, the description of the code 
is given above the graph and the numbers following the slash are the number 
of carbon atoms from the olefin per anhydride group along the polymer chain 
of the additives (see chapter 3). It can be seen that the copolymers reduced 
the crystallinity of the asphalt quit significantly. Dodecyl alcohol (G), used as 
a model compound for the side chain of the copolymer, only slightly reduced 
the crystallinity of the asphalt. The copolymer of dodecene and maleic 
anhydride was reacted with n-butyl alcohol, which eliminated the anhydride 
group on the copolymer backbone as detected by infrared spectroscopy 
(figure 4.49). The reaction product (I) increased the crystallinity of the asphalt, 
as shown in figure 4.48. The reduction of crystallinity of the asphalt by 
addition of the copolymers is the result of interactions between the aliphatic 
side chains of the copolymers and the crystallized fraction in the asphalt. The 
results of addition of dodecyl alcohol and the n-butyl ester into the asphalt 
reveals that the side chain alone may not be effective in reducing
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A: 5% (dodecene copolymer/11 )/ACB 
B: 5% (dodecene copolymer/20)/ACB 
C: 5% (octadecene copolymer/40)/ACB 
D: 5% (tetradecene copolymer/14)/ACB 
E: 5% (hexadecene copolymer/16)/ACB 
F: 5% (octadecene copolymer/17)/ACB 
G: 5% dodecyl alcohol/ACB 
H: pure ACB
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Figure 4.48 Melting enthalpies, measured by DSC, of pure asphalt ACB and 










Figure 4.49 Infrared spectrum of reaction product of the copolymer of 
dodecene and maleic anhydride and n-butyl alcohol.
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the crystallinity. Dodecyl alcohol molecules can be taken as unbound side 
chains. The difference between the copolymer and the esterified copolymer is 
that the latter lost the capability to chemically bound to the asphalt molecules, 
while anhydride group of the copolymer may have reacted with the asphalt 
molecules. Chemically binding of copolymer molecules with the asphalt 
molecules is indicated by comparison of the infrared spectra of the asphalt, 
the copolymer and their blend in figure 4.50. It can also be seen that 
changing the length of the side chain of the copolymers (codes B and C in 
figure 4.48) does not have significant effect on their capability of reducing the 
crystallinity. Therefore, we speculate that chemical binding of the copolymer 
additives to the asphalt molecules is a favorable factor in reducing the 
crystallinity of the asphalt.
4.3 Summary
The chlorinated polyethylene and maleated polyethylene prepared in 
this laboratory and used in the present study prove to be better asphalt 
modifiers than polyethylene, since most of them can show better results in 
increasing strength and elasticity at higher temperatures or lower frequencies, 
and are less temperature or frequency sensitive. Chlorinated polyethylenes 
containing less than 15 wt% chlorine interact more extensively with an asphalt 
matrix than does polyethylene. The interaction is substantiated by changes in 
the DSC, creep resistance and blend rheology. The maleated polyethylene is 
more compatible with asphalt through chemical bonding and dramatically 
increased creep recovery capability of the asphalt. The crystalline polymers 
reinforce asphalt through particle filled matrix mechanism and the amorphous 










Figure 4.50 Infrared spectra: (A): asphalt ACD, (B): the octadecene-1 /maleic 
anhydride copolymer and (C): their blend.
141
Low molecular weight copolymers of maleic anhydride and aliphatic 
alpha olefins can reduce crystallinity of the asphalt quit significantly. Chemical 
bonding of the copolymer additives to the asphalt molecules through the 
anhydride group is a favorable factor in reducing the crystallinity of the 
asphalt.
Differential scanning calorimetry can be used to ascertain the thermal 
transitions in asphalt samples. The magnitude of the transitions varies in 
proportion to the distribution of asphalt components among phases in asphalt- 
polymer blends.
Dynamic mechanical analysis of asphalt-blends reveals the loss 
modulus, G', the storage modulus, G", and internal friction, tan 5. Asphalt- 
polyethylene blends are more rigid than asphalt but the temperature 
sensitivities are parallel. Asphalt-CPE blends are less temperature sensitive 
and the temperature sensitivity varies inversely with the CPE chlorine content. 
The decrease in temperature sensitivity observed implies that the polymer rich 
phase is responding more directly in CPE blends.
A constant stress creep test is a very sensitive method for detecting 
asphalt-polymer interaction. This test may be the best indicator of rutting 
resistance of asphalt cements in the field.
The derivative of logarithm of absolute value of complex modulus with 
respect to logarithm of frequency, d(logG*)/d(logf), is found to be a way to 
characterize elasticity of asphalt-polymer blends. Its physical meaning is 
related to fraction of the energy dissipated by the Newtonian component.
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APPENDIX EXPERIMENTAL TECHNIQUES AND METHODS
1. Quantitative Fourier Transform Infrared Analysis of Asphalt Samples
Asphalt samples were dissolved in chloroform at concentration of 5% 
(w/v) in volumetric flasks. The sample solution was held in 1 mm sample cell 
with KBr window. FTIR spectra were obtained by using a Perkin Elmer 1700 
FTIR with the solvent as background. The spectra were collected from 4000 
cm- '' to 450 cm- 'I with a DTGS detector at 4 cm- '' resolution, 0.4 cm/sec scan 
speed and gain 1, the apodisation at medium and jacquinot at 2 cm- ''.
An example of FTIR spectra obtained is shown in figure A.1. The clear 
regions at 4000 cm-1 to 3070 cm-1, 2375 cm-1 to 1256 cm-1 and 1170 cm-1 
to 950 cm-1 out of chloroform background make the asphalt spectrum 
analysis possible. The overlapped peaks in 1550 - 1800 cm- ''were resolved 
by curve fitting program (figure A.2) based on the work of J. C. Petersen and 
his colleagues.
2 Nuclear Magnetic Resonance (NMR) Characterization of Asphalt Samples 
1.000 gram asphalt sample was weighed in an 10 mL volumetric flask 
and dissolved by deuterated chloroform at a concentration of 10% (w/v). A 
relaxation agent, Cr(acac) 3  12 mg/mL, was added to the ^ C  NMR samples. 
Using an interpulse time often seconds and more than 8000 scans, reliable 
quantitative ^ C  spectra can be obtained. Samples were held in a thin-walled 
5 mm O.D. NMR tube. The spectra were measured using a Bruker 200 MHz 
FTNMR. Data were collected using the following parameters for ^H and ^ C ,  
respectively.
1H:
01 transmitter offset frequency 3300 Hz
SI spectrum size 8K
150
151
SW sweep width 2500 Hz
PW pulse width 5 psec.
RD relaxation delay 0.0 sec.
AQ acquisition time 1.638 sec
NS number of scan 100
02  decoupler offset frequency 3200 Hz
13C;
01 transmitter offset frequency 2,000.00 Hz
SI spectrum size 16K
SW sweep width 15,151.515 Hz
PW pulse width 5.0 p. sec.
RD relaxation delay 10.0 sec
AQ acquisition time 0.541 sec.
NS number of scan 10,000 to 20,000
02  decoupler offset frequency 3,300 Hz
3. Differential Scanning Calorimetry (DSC)
DSC uses a method of heat flow measurement based on either heat 
flux or power compensation. The DSC technique is commonly used in 
material research to measure (i) glass transition temperatures (Tg) (or 
secondary transition temperatures (Tr)), (ii) melting points (Tm), (iii) heats of 
fusion (DH), etc.. Figure A.3 is an example of DSC thermogram, complete 
with DDSC (derivative DSC), a useful technique to identify secondary 
transition temperatures. DSC has the advantages of small sample 
requirements, relatively rapid measurement capability, high sensitivity (ability 
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Figure A.3 An example of DSC thermogram.
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ability to make measurements over a very wide temperature range (-150 °C  to 
550 °C  for the instrument used in this study). Information about morphology, 
miscibility and thermal behavior of asphalts and asphalt-polymer blends can 
be obtained through analyzing their DSC thermogram.
In the present study, DSC was carried out using a SEIKO DSC 220C 
controlled by SSC/5200 data station. The instrument was calibrated for 
temperature and enthalpy with indium. About 10-20 mg of sample was filled in 
an aluminum pan and the pan was then sealed using an empty aluminum 
sample pan with cap as a reference.
4 Dynamic Mechanic Spectrometry (DMS)
The DMS instruments used in this study measure the stress of a 
material in response to sinusoidal deformation (figure A.4). For an ideal elastic 
(Hookeian) solids, the stress will exactly follow the sinusoidal input strain. For 
ideal viscous (Newtonian) fluids, the stress lags 90° behind the input strain, in 
another words, the maximum stress will occur when the rate of strain is 
greatest. Between ideal elastic solids and ideal viscous fluid are viscoelastic 
materials. Depending on the temperature and strain frequency, the peak 
stress of viscoelastic materials can lag anywhere from 0° to 90° behind the 
applied strain. Storage modulus G', loss modulus G" and a mechanic 
damping or loss factor, tan8 = G"/G', are determined from these 
measurements.
Polymers and asphalts are viscoelastic materials, which have some 
characteristics of both viscous fluids and elastic solids. Elastic materials have 
a capacity to store mechanical energy with no dissipation of energy; on the 
other hand, a viscous fluid has a capacity for dissipating energy, but none for 
storing it. When a viscoelastic material is deformed, part of the energy is
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Figure A.4 Dynamic mechanic analysis
stored, which is reflected in G \ and part is dissipated as heat, which is 
reflected in G".
Figures A.5 and A.6 are G', G" and Tan5 plots versus temperature and 
frequency, respectively. It can be seen that lowering frequency and elevating 
temperature have equivalent effects.
A SEIKO DMS 110 in shear mode (parallel plate mode) controlled by 
SDM5600 Rheostation was used for DMS shear measurement in this study. 
The sample was applied to the plates with cross section of 10x10 mm. 
Thickness of the sample was first approximately adjusted and then the sample 
was held at 45 °C for thirty minutes to allow it to relax completely. After the 
sample was cooled to room temperature, the final thickness was measured 
with an error of ±0.01 mm. The strain was held to less than one percent to 
ensure linear viscoelasticity.
For bending measurement, molded asphalt bars, 20 x 9.495 x 1.64 mm 
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Figure A.5 Plot of G , G" and Tan5 versus temperature
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Figure A.6 Plot of G', G" and TanS versus frequency
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mode at cooling rate of 1 C/min at single frequency. Operation at single 
frequency over each temperature range yields more reproducible data that 
attempting to obtain multifrequency data in a single run. Since multiple runs 
are required establishing the relationship between frequency and temperature 
is very time consuming. The Tg was identified as the temperature 
corresponding to the maximum of loss modular E" at each frequency.
5. Shear Stress Viscosity
Flow curves of each asphalt samples were measured with a Bohlin CS 
rheometer using a cone and plate mode from 5°C to 150°C. The sample was 
allowed to stay between the cone and the plate at 60°C for 30 minutes for 
relaxation before the measurement started. Shear stresses (ct) were applied to 
the sample at certain temperature, and the corresponding shear strains (y) 
and the rates of shear strain y*, y* = y/t (1/sec.) were measured. The 
coefficient of viscosity r\ is the ratio of shear stress ct and shear strain rate y*.
6. Thermomechanical Analysis(TMA)
TMA is a technique in which the deformation of a substance is 
measured under non-oscillatory load as a function of temperature as the 
substance is subjected to a controlled temperature program [42], TMA is very 
effective in conducting tests like creep, stress relaxation and stress-strain with 
good temperature control over a wide temperature range, but has some 
stringent sample preparation requirements.
A creep test was conducted to measure rutting resistance of the 
materials under study. In the test, a constant load was imposed on a sample 
for 10 minutes, then the load was lifted and the sample was kept in free state 
for another 10 minutes. The strain response was measured as a function of
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time. The load was one gram in shear mode and the sample area is about 15 
mm2, which was measured individually. The test temperature was 25.6°C.
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